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 Decades of research in the area of metal-catalyzed olefin polymerization, since 
the initial discoveries by Ziegler and Natta in the 1950s, has lead to the development 
of a wide variety of transition metal catalysts as well as numerous polymer 
architectures. Although early work in the field focused on heterogeneous catalysis, 
Kaminsky’s discovery of the scavenger/activator methylaluminoxane in 1980 
facilitated a renaissance in the area of homogeneous catalysts. Today, many 
commercial polyolefin materials are still limited to linear homopolymers, random 
copolymers, or blends thereof. Therefore, our efforts have focused on the end-
functionalization and random incorporation of polar functional groups into polyolefins 
to produce polymers with improved properties and more complex architectures than 
traditional linear polymers. 
Initial work in this area focused on the development of well-defined long-chain 
branched polymers from end-functionalized polypropylene. Although many star 
polymers have been produced using anionic, cationic and radical methods, 
semicrystalline polypropylene materials with similar structures from coordination-
insertion polymerization were not known. Using a non-living 
bis(phenoxyimine)titanium catalyst, allyl-terminated syndiotactic polypropylene was 
produced and utilized in the production of alcohol-, azide- and amine-terminated 
polymers. These end-functionalized macromolecules were employed in the synthesis 
of a variety of well-defined branched polymers including star, miktoarm star and H-
 polymers. In an effort to produce branched polyolefin materials with high molecular 
weight, a norbornene-terminated polymer was synthesized from the allyl-terminated 
syndiotactic polypropylene. Using ring-opening metathesis polymerization, a number 
of high molecular weight polypropylene comb polymers were produced. All of the 
branched, syndiotactic polypropylene materials were analyzed further in an effort to 
related branching with observed polymer properties. 
To produce polyolefins with improved properties, a series of random 
copolymers derived from propylene and a polar, hydrogen bonding monomer were 
produced using Ni(II) !-diimine catalysts. By varying the reaction temperature, 
hydrogen bonding polypropylene materials with a range of microstructures were 
produced. At high reaction temperatures, regioirregular, amorphous polypropylene 
was obtained, whereas, decreasing reaction temperature lead to highly regioregular, 
isotactic polypropylene. Utilizing the living nature of the Ni(II) !-diimine catalysts, a 
series of triblock copolymers containing hydrogen bonding moieties in the midblock 
were also produced. The mechanical properties of all materials were investigated and 
generally observed to improve upon incorporation of small amounts (~1%) of the 
ureidopyrimidinone. For the branched and hydrogen bonding polymer reported herein, 
functionalization of polypropylene allowed for the synthesis of new polyolefin 
architectures. 
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Chapter 1 
Living Transition Metal Catalyzed Polymerization: 
Polyolefin Synthesis and New Polymer Architectures 
 
2 
1.1 Introduction 
One of the ultimate challenges in polymer chemistry is the development of 
new synthetic methods for the polymerization of a wide range of monomers with well-
defined stereochemistry
1
 while controlling molecular weight and molecular weight 
distribution.
2-4
 Over the last half century, a primary goal of synthetic polymer 
chemistry has been the development of chain-growth polymerization methods that 
enable consecutive enchainment of monomer units without termination. Known as 
living polymerizations,
5
 these systems allow precise molecular weight control as well 
as the synthesis of a wide array of polymer architectures.
6
 Additionally, living 
polymerization methods allow the synthesis of end-functionalized polymers in 
addition to the creation of virtually limitless types of new materials from a basic set of 
monomers. 
Today, polyolefins are by far the largest volume class and most important 
commercial synthetic polymers.
7
 Since the initial discoveries of Ziegler
8
 and Natta,
9
 
remarkable advances have been reported concerning the control of comonomer 
incorporation as well as dramatic improvements in activity. Homogeneous olefin 
polymerization catalysts now exist that are unparalleled in all of polymer chemistry 
concerning the detailed control of macromolecular stereochemistry.
10
 However, olefin 
polymerization catalysts have traditionally been inferior to their other chain-growth 
counterparts in one respect. While extraordinary advances in living/controlled 
polymerization have been discovered using anionic,
11
 cationic,
12,13
 and radical-based 
polymerization,
14-18
 until very recently there existed a comparative lack of living 
olefin polymerization systems. The main reason for this is that alkene polymerization 
catalysts often undergo irreversible chain transfer to metal alkyls and !-elimination 
reactions that result in the initiation of new polymer chains by the catalyst (Scheme 
1.1). However, systems are now available that have acceptable rates of propagation 
3 
with negligible rates of termination that allow the truly living polymerization of 
alkenes such that block copolymer synthesis is now possible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Scheme 1.1. Propagation and chain transfer mechanisms in transition-metal catalyzed 
olefin polymerization. 
 
By far, the most important application of living olefin polymerization is the 
production of block copolymers, which is typically achieved via sequential monomer 
addition furnishing a variety of new materials. Physical blends, or random copolymers 
often give rise to materials whose properties are intermediate between those of the 
respective homopolymers. Block copolymers, on the other hand, often furnish 
materials whose mechanical properties are superior to the sum of their parts. This 
unique behavior is due to microphase separation of the different segments of the block 
copolymer into discrete domains which give rise to otherwise unattainable 
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4 
morphologies.
19,20
 One of the most highly sought goals in the field of olefin 
polymerization is the synthesis of block copolymers containing isotactic 
polypropylene (iPP) domains that are envisioned to possess material properties of 
great industrial importance. For example diblock copolymers containing iPP segments 
may serve as compatibilizers in blends containing isotactic polypropylene (iPP) 
homopolymers.
21
 One of the most actively pursued block copolymer structures are 
those with “hard” or semicrystalline end blocks (e.g. PE, iPP, sPP) and amorphous 
midblocks (e.g. aPP, poly(E-co-P)); triblock copolymers of this type have been shown 
to behave as thermoplastic elastomers.
22-29
 
 This review is a comprehensive account of living alkene polymerization 
systems with special attention paid to systems developed in the past couple of years 
focusing on the polymer types and architectures as in our previous reviews.
2-4
 This 
review will primarily focus on living polymerization of terminal-alkenes with some 
coverage of non-conjugated dienes and cyclic olefins.  
 
1.2 Living Olefin Polymerization 
1.2.1 Poly(1-hexene) 
 One of the most commonly employed monomers for detailed studies of living 
olefin polymerization is 1-hexene due to the fact that it is an easily handled liquid, and 
molecular weight determination of its polymers are easily accomplished at or slightly 
above room temperature employing low boiling GPC eluents (Figure 1.1). However, 
due to their poor mechanical properties, poly(1-hexene) (PH) and homopolymers 
derived from higher !-olefins (with the exception of poly(4-methyl-1-pentene)) are of 
little commercial significance. One application of amorphous poly(!-olefin)s are as 
impact strength modifiers when blended with polypropylenes.
7
  
 
5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Homopolymers of higher !-olefins. 
 
1.2.2 Polypropylene 
 While poly(1-hexene) is an amorphous material regardless of the level of 
tacticity, polypropylene can range from amorphous to semi-crystalline due to the 
variability in the level of tacticity. The bulk properties of the polymer are intimately 
related to its tacticity, with atactic polypropylene (aPP; Figure 1.2) being an 
amorphous material with limited industrial uses (e.g. adhesives, sealants, and caulks) 
and syndiotactic polypropylene (sPP) and isotactic polypropylene (iPP) being 
semicrystalline materials with relatively high Tm values of ~ 150 °C and ~ 165 °C 
respectively. The lower crystallinity and the fact that only a very few syndiospecific 
propylene polymerization catalysts have been discovered to date have limited the 
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6 
commercial impact of sPP. On the other hand, numerous catalysts, both heterogeneous 
and homogeneous, are capable of isospecific propylene polymerization. When 
combined with iPP’s highly desirable mechanical properties (durability, chemical 
resistance, and stiffness), it is obvious why the vast majority of industrially produced 
polypropylenes are of the isotactic variety.
30
  
 
 
 
Figure 1.2. Polypropylene microstructures. 
 
1.2.3 Polyethylene 
 In addition to iPP, polyethylene (PE) represents another commercially 
important material. The annual production of PE worldwide is in excess of 80 billion 
pounds.
31
 Considering the simplicity of ethylene, the range of different polymer 
architectures derived from it is truly intriguing (Figure 1.3). The properties of PEs 
vary greatly depending on the polymer’s microstructure (i.e. branched or linear) from 
high density plastics with relatively high melting points (linear PE: Tm ~ 135 °C), to 
low density, branched material with Tm as low as 105 °C. The mechanism by which 
ethylene is polymerized will ultimately determine the microstructure and therefore the 
properties of the resultant PE. While most early transition metal olefin polymerization 
catalysts furnish linear PE, late metal catalysts based on nickel or palladium typically 
give rise to branched structures.
21
  
 
 
 
Figure 1.3. Polyethylene morphologies. 
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1.2.4 Polyolefins from Conjugated Dienes, Cyclic Olefins, and Polar Monomers 
 Beyond simple !-olefins, the polymers obtained from both non-conjugated 
dienes and cyclic olefins provided materials with desirable properties. Non-conjugated 
dienes are versatile monomers in that they can furnish polymers with a variety of 
microstructures depending on the mechanism by which they are polymerized. For 
example, 1,5-hexadiene can be cyclopolymerized to furnish a polymer with 
methylene-1,3-cyclopentane (MCP) units (Figure 1.4). Depending on the selectivity of 
the ring closing reaction, cis- or trans-rings may be formed. Polymers containing 
mostly cis-rings exhibit higher Tm values than those with mostly trans-rings (e.g. for 
poly(methylene-1,3-cyclopentane) (PMCP) having > 90% cis-ring content the Tm is 
189 °C whereas those containing 82% trans-rings exhibit Tm is 102 °C.
32,33
 
Polymerization of 1,5-hexadiene can also lead to vinyl-tetramethylene (VTM) units, 
which may serve as a synthetic handle by which polymer functionalization can be 
achieved.
34
  
 
 
 
 
 
Figure 1.4. Polymers derived from 1,5-hexadiene polymerization. 
 
 Similarly, homopolymers of cyclic olefins (e.g. polycyclopentene, 
polynorbornene (PNB), Figure 1.5) are characterized by extremely high melting points 
and low solubility in most organic solvents. Taken together, these properties of cyclic 
olefin homopolymers make them difficult to process and therefore commercially 
insignificant. However, upon incorporation into copolymers with !-olefins, materials 
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8 
with desirable properties can be obtained. The copolymers typically exhibit high 
chemical resistance, good optical properties, and facile processability.
35
 In addition to 
simple hydrocarbon systems, copolymers of polar monomers with olefins are 
attractive due to enhanced physical properties such as biocompatibility and ease of 
processing.
36
  
 
 
 
 
Figure 1.5. Cyclic olefin homopolymers and copolymers. 
 
1.2.5 Criteria for Living Polymerization 
 The homopolymerization of the aforementioned alkenes will be discussed in 
order of early metal to late metal catalyzed polymerizations with special emphasis 
paid to block copolymers and new polymer architectures. Note that in this review, we 
refer to living species for alkene polymerization as catalysts, not initiators, to 
emphasize the fundamental catalytic event of monomer enchainment, not polymer 
chain formation. There are seven generally accepted criteria for a living 
polymerization: (1) polymerization proceeds to complete monomer conversion, and 
chain growth continues upon further monomer addition; (2) number average molecular 
weight (Mn) of the polymer increases linearly as a function of conversion; (3) the 
number of active centers remains constant for the duration of the polymerization; (4) 
molecular weight can be precisely controlled through stoichiometry; (5) polymers 
display narrow molecular weight distributions, described quantitatively by the ratio of 
the weight average molecular weight to the number average molecular weight (Mw/Mn 
~ 1); (6) block copolymers can be prepared by sequential monomer addition; and (7) 
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9 
end-functionalized polymers can be synthesized.
37
 Few polymerization systems, 
whether ionic, radical, or metal mediated, that are claimed to proceed by a living 
mechanism have been shown to meet all of these criteria. This review will therefore 
include all systems that claim living alkene polymerization, providing that a number of 
the key criteria have been met. 
 
1.3 Early Metal Olefin Polymerization Catalysts 
1.3.1 Vanadium Acetylacetonoate Catalysts 
 In the 1960s, Natta and co-workers discovered that activation of VCl4 with 
Et2AlCl at -78 °C in the presence of propylene furnished syndio-enriched 
polypropylene. Linear growth of molecular weight over time for a period of 25 hours 
was observed.
38
 In a subsequent report, the polypropylenes produced by VCl4/Et2AlCl 
were shown to possess very narrow molecular weight distributions (Mw/Mn = 1.4 – 
1.9).
39
 
The first example of a truly living alkene polymerization catalyst was reported 
by Doi in 1979.
40,41
 Activation of V(acac)3 (1, Figure 1.6) with Et2AlCl in the presence 
of propylene at temperatures ! -65 °C furnished syndio-enriched PP ([r] = 0.81) 
exhibiting narrow molecular weight distributions (Mw/Mn = 1.07 – 1.18) and Mn as 
high as 100,000 g/mol. A linear increase in Mn over the course of 15 hours was 
additionally observed. Initially, only about 4% of vanadium centers were shown to be 
active, however, addition of anisole to the polymerization lead to a 3-fold increase in 
the number of active vanadium centers.
42
 Utilizing the living nature of 1/Et2AlCl, Doi 
and co-workers were able to synthesize block copolymers of propylene and ethylene.
43
 
Specifically, a sPP-block-poly(E-co-P)-block-sPP triblock copolymer was synthesized 
via sequential monomer addition and exhibited a narrow molecular weight distribution 
(Mw/Mn = 1.24) with Mn = 94,000 g/mol and a propylene content of 70 mol%. 
10 
By replacing the acetylacetonoate ligands of 1 with 2-methyl-1,3-
butanedionato ligands (2, Figure 1.6), Doi and co-workers found that nearly all of the 
vanadium centers were active for polymerization with essentially the same degree of 
syndioselectivity as 1/Et2AlCl.
44
 In addition, the living character of propylene 
polymerization by 2/Et2AlCl was maintained up to -40 °C (Mw/Mn as low as 1.4).
45,46
 
Copolymerization of propylene and ethylene by 2/Et2AlCl was also shown to be 
living.
47
 
 
 
 
 
 
Figure 1.6. Vanadium catalysts for living olefin polymerization. 
 
An important application of living olefin polymerization is in the synthesis of 
end-functionalized polymers, which is typically achieved by reaction of the living 
chain end with an electrophile. The vanadium-based living olefin polymerization 
catalysts discovered by Doi and co-workers proved to be particularly amenable to this 
application.
48-52
 The structures of end-functionalized sPPs prepared in this manner are 
summarized in Scheme 1.2. 
Furthermore, one of the most challenging goals in polymer synthesis is the 
incorporation of polar monomers due to the limited ability of many catalysts to 
tolerate polar functionalities. In 1983, Doi reported the use of 1/Et2AlCl (Figure 1.6) 
for the synthesis of a series of PP-block-poly(tetrahydrofuran) AB-type diblock 
copolymers by quenching a living propylene polymerization with iodine and using the 
iodide-terminated PP to initiate cationic polymerization of THF.
48
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11 
has also been used to synthesize PP-block-PMMA (PMMA = 
poly(methylmethacrylate).
53
 At -78 °C, 1/Et2AlCl was used to polymerize propylene 
to which methyl methacrylate (MMA) was then added. The MMA polymerization, 
which was proposed to proceed via a radical mechanism, was conducted at 25 °C to 
form the diblock copolymer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.2. End-functionalized polypropylene from vanadium-based catalysts. 
 
In addition to exhibiting living behavior for propylene polymerization, 
vanadium acetylacetonate complexes (Figure 1.6) have also been shown to be living 
for 1,5-hexadiene polymerization as well as for 1,5-hexadiene/propylene 
copolymerization.
54
 At -78 °C, 1/Et2AlCl polymerized 1,5-hexadiene to produce a low 
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12 
molecular weight polymer (Mn = 6,600 g/mol, Mw/Mn = 1.4) that contained a mixture 
of MCP and VTM units in a 54:46 ratio. The distribution of these two units varied in 
1,5-hexadiene-propylene random copolymers as a function of 1,5-hexadiene 
incorporation.  
 
1.3.2 Metallocene and Unbridged Half-Metallocene Catalysts 
 Since the discovery of their catalytic activity, Group 4 metallocene complexes 
have found extensive use as olefin polymerization catalysts.
1
 Due to their high 
propensity toward termination via chain-transfer (e.g. !-H elimination/transfer, 
transfer to alkylaluminum species) there have been few examples of living olefin 
polymerization using metallocene-based catalysts. However, several groups have 
shown that by employing well-defined boron-based activators
55
 at low reaction 
temperatures these termination pathways can be suppressed. For example, Fukui 
reported the living polymerization of 1-hexene with a rac-(Et)Ind2ZrMe2 (3, Figure 
1.7) activated with B(C6F5)3 at -78 °C in which Al(nOct)3 was used as a scavenging 
agent to furnish isotactic poly(1-hexene)s with narrow molecular weight distributions 
(Mw/Mn = 1.22 – 1.29).
56
 While the molecular weights were relatively low (Mn ! 5,400 
g/mol), the Mn was shown to increase linearly with reaction time. In 2009, Potamitis 
and co-workers reported the polymerization of higher "-olefins with a Cs-symmetric 
metallocene catalyst (4, Figure 1.7).
57
 Upon activation with [B(C6F5)4][Me2NHPh] at 0 
°C, 4 produced polymers of higher "-olefins (1-hexene, 1-octene, 1-decene, 1-
tetradecene, 1-hexadecene) with narrow molecular weight distributions (Mw/Mn < 1.5). 
Upon evaluation of an unbridged half-metallocene complex bearing a 
phenoxide donor, Nomura and Fudo demonstrated that 5 (Figure 1.7) was also capable 
of polymerizing 1-hexene in a living fashion.
58
 When activated with [Ph3C][B(C6F5)4] 
in the presence of Al(iBu)3 at -30 °C, 5 furnished poly(1-hexene)s with narrow 
13 
polydispersities (Mw/Mn = 1.27 – 1.64) and high molecular weight (Mn up to 1,865,000 
g/mol). The Mn was shown to increase linearly with turn over number (TON).  
 
 
 
 
 
Figure 1.7. Metallocene-based catalysts for living olefin polymerization. 
 
In addition to 1-hexene, living metallocene catalysts have been reported for 
propylene polymerization. Bochmann and co-workers reported that 6 (Figure 1.7) 
activated with B(C6F5)3 at -20 °C produces atactic, high molecular weight PP that 
exhibits elastomeric properties with Mw = 1,103,000 g/mol and Mw/Mn = 1.4.
59
 From 
analysis of the GPC trace for this sample, it was estimated that 48% of the polymer 
was composed of PP with a narrow molecular weight distribution (Mw/Mn = 1.10). The 
polymerization also showed a linear increase in molecular weight with time. 
Utilizing a zirconocene catalysts, Fukui and co-workers have reported that 7 
(Figure 1.8) activated with B(C6F5)3 at -78 °C in the presence of Al(nOct)3 produces 
PP with Mw/Mn ! 1.15 (Mn = 9,400 – 27,300 g/mol).
56
 The polymerization shows a 
linear increase in Mn with time and it was later reported that quenching the 
polymerization with CO resulted in aldehyde-functionalized polymer chains.
60,61
 
Additionally, the hafnium analogue (8, Figure 1.8) was shown to be living at -50 °C. 
Fukui and co-workers were also able to show that iso-enriched PP ([mm] = 0.42) could 
be formed from a mixed catalyst system 7/B(C6F5)3/9 at -50 °C.
62
 Over 26 hours, the 
polymerization exhibits a linear increase in Mn with time and Mn up to 17,600 g/mol 
(Mw/Mn = 1.29 – 1.41). 
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14 
In 1991, Hlatky and Turner reported on the synthesis of diblock copolymers of 
ethylene and propylene using a hafnocene catalyst.
63
 Activation of Cp2HfMe2 (8, 
Figure 1.8) with [PhNMe2H][B(C6F5)4] in the presence of propylene furnishes atactic 
PP. At 0 °C, the rate of termination via !-H transfer was slow enough to allow for the 
synthesis of aPP-block-PE via sequential monomer addition. Both orders of monomer 
addition (ethylene followed by propylene and propylene followed by ethylene) were 
successful in furnishing a polymeric product that contained a majority (50 – 60 %) of 
diblock material isolated by hexanes extraction.  
 
 
 
 
 
 
Figure 1.8.  Titanium, zirconium and hafnium olefin polymerization catalysts. 
 
 In a subsequent report by Fukui and co-workers, the synthesis of aPP-block-
poly(E-co-P) diblock copolymers using 7, 8, and Cp2
*
HfMe2 activated with B(C6F3)3 
and employing Al(nOct)3 as a scavenger was achieved through sequential monomer 
addition at low temperatures (Trxn = -78 °C for 7 and HfMe2; Trxn = -50 °C for 7).
61
 
The resultant polymers exhibited narrow molecular weight distributions (Mw/Mn = 
1.07 – 1.30) and Mn = 71,000 – 155,000 g/mol with propylene contents between 65 – 
75 mol%. 
Starzewski and co-workers have reported a metallocene with the existence of 
donor and acceptor groups in the sandwich structure (10, Figure 1.8) that generates 
elastomeric PP in a syndioselective fashion ([rr] = 0.52) upon activation with MAO at 
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-8 to -6 °C.
64
 While the PDIs are somewhat broad (Mw/Mn = 1.5 – 1.6, Mn up to 
531,000 g/mol), the Mn was shown to increase linearly with time over 1 hr. The 
system was also shown to be living for ethylene and propylene copolymerization. 
In addition to 1-hexene and propylene, metallocene catalysts have been 
identified for the living polymerization of ethylene. Employing Cp2*ZrCl2/MAO (11, 
Figure 1.8), Chen and co-workers polymerized ethylene in a quasi-living fashion at 60 
°C.
65
 Over the course of twenty minutes, polymer molecular weight increased (Mn = 
1,300 – 4,400 g/mol) while molecular weight distributions remained relatively narrow 
(Mw/Mn = 1.4 – 1.7). The quasi-living behavior of 11 compared to the non-living 
behavior exhibited by 7/MAO for ethylene polymerization is attributed to the 
increased steric bulk around the active site, which suppresses !-H elimination and 
transfer reactions. 
Finally, while investigating cyclic olefin polymerization, Tritto and co-workers 
have shown that rac-Et(Ind2)ZrCl2/MAO (12), 90 % rac/10 % meso-Et(4,7-
Me2Ind)2ZrCl2 (13), and rac-H2C(3-tBuInd)2ZrCl2/MAO (14) exhibit quasi-living 
behavior for ethylene-norbornene copolymerization (Figure 1.9).
66,67
 
 
 
 
 
 
Figure 1.9. Zirconocene catalysts for living ethylene/norbornene polymerization. 
 
1.3.3 Catalysts Bearing Monocyclopentadienyl-amido Ligands 
In spite of the large number of metallocene-based polymerization catalysts, 
there remain relatively few examples of living systems. Titanium complexes bearing a 
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Zr
Cl Cl
Zr
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linked monocyclopentadienyl-amido ligand, such as 15 (Figure 1.10), have been 
shown to polymerize 1-hexene in a living fashion when activated with B(C6F5)3 in the 
presence of Al(nOct)3 at -50 °C.
68
 The poly(1-hexene) formed was syndio-enriched 
([rr] = 0.49) with Mn up to 26,000 g/mol and Mw/Mn = 1.07 – 1.12. A linear 
relationship between Mn and polymer yield was also demonstrated. In a subsequent 
report, 15/(B(C6F5)3/Al(nOct)3 was also shown to polymerize 1-octene and 1-butene in 
a living fashion.
69
 
 
 
 
 
 
 
 
Figure 1.10. Monocyclopentadienyl-amido catalyst precursors for living olefin 
polymerization. 
 
In addition to living 1-hexene polymerization, 15 (Figure 1.10) upon activation 
with B(C6F5)3 in the presence of Al(nOct)3 can also produce syndio-enriched PP ([rr] 
~ 0.49) at -50 °C in living fashion.
68
 Subsequent studies showed that when activated 
with “dried” MAO (dMAO) (free of trimethylaluminum), 15 could polymerize 
propylene at 0 °C producing PP with a higher degree of syndiotacticity ([rr] ~ 0.63) 
and with a relatively narrow molecular weight distribution (Mw/Mn = 1.22, Mn = 
157,000 g/mol).
70
 Shiono and co-workers also demonstrated significant solvent effects 
on the tacticity of the resulting PP.
71
 For example, polymerization of propylene with 
15/dMAO in heptane at 0 °C results in polymer with higher tacticity than when the 
reaction is carried out in toluene ([rr] = 0.73 vs. 0.60) or chlorobenzene ([rr] = 0.42). 
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Utilizing these solvent effects, Shiono and co-workers cleverly prepared 
stereoblock copolymers of propylene containing sPP and aPP segments (Scheme 1.3) 
by initial polymerization in heptane followed by addition of more propylene and 
chlorobenzene.
72
 The resultant sPP-block-aPP had Mn = 94,700 g/mol with a narrow 
PDI (Mw/Mn = 1.27).  Shiono and co-workers have also described similar effects of the 
tacticity of PP generated from 15/dMMAO under varying propylene pressures.
73
 At 
low pressure (0.2 atm) atactic PP is furnished, but at higher pressure (1 atm) 
syndiotactic PP is generated. A sPP-block-aPP copolymer and sPP-block-aPP-block-
sPP copolymer were synthesized by varying propylene pressure over the course of the 
polymerization.  
 
 
 
 
 
 
Scheme 1.3. Synthesis of sPP-block-aPP using solvent polarity to control tacticity. 
 
Shiono and co-workers also examined structural variants of 15 (16 and 17, 
Figure 1.10) by introducing tert-butyl substituents into the fluorenyl ligand 
framework.
74
 When activated with dried MMAO (dMMAO) at 0 °C, 16 produced sPP 
([rr] ~ 0.83). While the molecular weight distribution was somewhat broad (Mw/Mn = 
1.68, Mn = 202,000 g/mol), a two-stage sequential polymerization of 0.63 g of 
propylene revealed a nearly doubling of molecular weight than was obtained from a 
single-stage polymerization. Catalyst 17/dMMAO furnished polymer with even higher 
tacticity ([rr] ~ 0.93) and lower molecular weight distribution (Mw/Mn = 1.45). After 
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further expanding the sterics about the fluorenyl, 18/dMMAO (Figure 1.10) was 
utilized in the production of polypropylene with decreased syndioselectivity ([rr] ~ 
0.45) compared to the polymer obtained from 17/dMMAO.
75
 While molecular weights 
(Mn = 44,000 - 150,000 g/mol) increased with polymer yield, molecular weight 
distributions were broadened (Mw/Mn = 2.91 – 4.61). Although some characteristics of 
a living polymerization were exhibited, a two-stage sequential polymerization resulted 
in polypropylene which was nearly identical to that obtained from the single-stage 
polymerization. Further increasing the steric bulk of the fluorenyl ligand from 17 to 18 
resulted in a loss of both living character and syndioselectivity for the polymerization 
of propylene. Employing an indenyl-based ligand, 19/dMAO (Figure 1.11) at 0 °C 
affords iso-enriched PP ([mm] = 0.40) with quasi-living behavior.
76
 Later, Dare and 
co-workers reported that a similar complex 20/MAO (Figure 1.11) furnished PP at 0 
°C that was syndio-enriched ([rr] = 0.56) and exhibited a somewhat narrow PDI 
(Mw/Mn = 1.37, Mn = 108,000 g/mol).
77
  
 
 
 
 
 
 
Figure 1.11. Monocyclopentadienyl-amido catalyst precursors with increased steric 
bulk.  
 
In addition to linear !-olefins, Shino and co-workers reported that 15/MAO 
(Figure 1.10) catalyzed the living copolymerization of ethylene and norbornene. For 
example, at 0 °C 15/MAO can furnish poly(E-co-NB) with 53 mol% norbornene and 
Mn = 78,000 g/mol with Mw/Mn = 1.16.
78
 Furthermore, a linear increase in Mn with 
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reaction time was observed for this system. When activated with MAO at 40 °C, a 
similar compound, 20 (Figure 1.11), also provided ethylene-norbornene copolymers 
with fairly narrow PDIs (Mw/Mn = 1.21 – 1.27).
79
 
Shiono and co-workers also reported the living copolymerization of propylene 
and norbornene with 15/dMAO to produce copolymers with very high Tg values (249 
°C) and narrow molecular weight distributions  (Mw/Mn = 1.16).
80
 In a later report, the 
copolymerization of higher !-olefins (1-hexene, 1-octene, and 1-decene) with 
norbornene by 15/MAO was reported, however, molecular weight distributions were 
somewhat broadened (Mw/Mn = 1.36 – 1.72).
81
 
Furthermore, activation of 17 (Figure 1.10) with dMMAO containing 0.4 mol 
% of triisobutylaluminum (TIBA) in the presence of norbornene catalyzed living 
polymerization at 20 °C.
82
 The molecular weight distributions obtained were narrow 
(Mw/Mn = 1.07 – 1.08). A two-stage reaction was shown to increase the molecular 
weight of the second-step by double that of the first step when each was carried to 
quantitative conversion. 
 
 
 
 
 
 
 
 
 
 
Scheme 1.4. Catalytic synthesis of block copolymers from norbornene and propylene. 
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In addition, Shiono and co-workers were able to show in 2006 that 17/MAO 
could also copolymerize propylene and norbornene in a living fashion to form random 
and block copolymers.
83
 For example, three sPP-block-poly(P-co-NB) diblock 
copolymers were synthesized through sequential monomer addition that had similar 
molecular weights (Mn ~ 20,000 g/mol, Mw/Mn = 1.21 – 1.32). Shiono and co-workers 
were able to show that 17/dMMAO containing 1.8 mol% TIBA could furnish PNB-
block-poly(P-co-NB)-block-PP triblock copolymers in a catalytic fashion.
82
 The 
successive addition of norbornene and propylene before complete consumption of 
norbornene gives PNB-block-poly(P-co-NB)-block-PP terminated with a Ti-PP bond, 
which can be exchanged with TIBA. Repeated addition of norbornene and propylene 
gives a catalytic synthesis of the triblock copolymers in this system (Scheme 1.4). 
 
1.3.4 Monocyclopentadienylzirconium Amidinate Catalysts 
 In 2000, Sita and Jayaratne reported monocyclopentadienyl acetamidinate 
zirconium dimethyl compounds that exhibited living polymerization behavior at 
temperatures between -10 and 0 °C.
84
 At 0 °C, 21a/[PhNMe2H][B(C6F5)4]  (Figure 
1.12) formed atactic poly(1-hexene) with a narrow polydispersity (Mw/Mn = 1.10) and 
lack of olefinic resonances in 
13
C and 
1
H NMR spectra. The C1-symmetric complex, 
21b, when activated in an identical manner at -10 °C furnished highly isotactic poly(1-
hexene) ([mmmm] > 0.95) with a narrow molecular weight distribution (Mw/Mn = 1.03 
– 1.13). The molecular weight was shown to increase linearly with conversion. This 
was the first report of a Ziegler-Natta polymerization catalyst that was both living and 
highly isospecific for !-olefin polymerization. Covalently attaching 21b to a 
crosslinked PS support was also shown to furnish a living and isoselective 1-hexene 
polymerization catalyst (22, Figure 1.12).
85
 The hafnium congener of 21b (23a, Figure 
21 
1.12) and its diisobutyl analogue (23b) were also shown to be living and isospecific 1-
hexene polymerization catalysts albeit with a rate ca. 60 times slower than 21b.
86
 
 As discussed above, 21b/[PhNMe2H][B(C6F5)4] polymerizes 1-hexene in a 
living manner to produce highly isotactic poly(1-hexene). However, when a sub-
stoichiometric amount of the borate is used (e.g. [PhNMe2H][B(C6F5)4] : [21b] = 0.5), 
the resulting polymer is considerably less isotactic with a [mm] content of 
approximately 45 – 50% resulting from degenerative-transfer polymerization (Scheme  
 
 
 
 
 
 
Figure 1.12. Monocyclopentadienyl amidinate catalysts for olefin polymerization. 
 
1.5), which will be discussed in detail in the following section. This system has been 
employed to make a diblock poly(!-olefin) sample.
87
 Initially, 21b was activated with 
0.5 equivalent of [PhNMe2H][B(C6F5)4] and used to polymerize 1-hexene resulting in 
the formation of an atactic poly(1-hexene) block. After 2 hours, 1-octene was added 
along with an additional 0.5 equivalent of the borate leading to the growth of an 
isotactic poly(1-octene) block. GPC analysis revealed clean formation of the aPH-
block-i-poly(1-octene) diblock copolymer with Mn = 12,400 g/mol and Mw/Mn = 1.04. 
Upon replacing the Cp* moiety with the less sterically demanding Cp ligand, 
Sita and co-workers were able to greatly increase the 1-hexene polymerization activity 
for this class of catalysts.
88
 When activated with [PhNMe2H][B(C6F5)4] at -10 °C, 
compounds 24a-c (Figure 1.13) furnished atactic poly(1-hexene)s with narrow 
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molecular weight distributions (Mw/Mn = 1.03 – 1.10), however, a decrease in 
enantiofacial selectivity was also observed. The more open environment of the active 
site did impart the ability to polymerize the more challenging vinylcyclohexane. Upon 
activation with [PhNMe2H][B(C6F5)4] at -10 °C, 24a,b furnished highly isotactic 
poly(vinylcyclohexane)s ([mmmm] = 0.95) with narrow polydispersities (Mw/Mn = 
1.04 – 1.10). The authors postulate that the high degree of isoselectivity displayed is 
likely the result of chain-end control. Exploiting the living nature of 
24c/[Ph3C][B(C6F5)4] for 1-hexene and vinylcyclohexane (VCH) polymerization, a 
triblock copolymer of isotactic poly(vinylcyclohexane)-block-atactic-poly(1-hexene)-
block-isotactic-poly(vinylcyclohexane) was prepared via sequential monomer 
addition.
88
 The triblock copolymer exhibited a narrow polydispersity (Mw/Mn = 1.08) 
and Mn = 24,400 g/mol with a vinylcyclohexane content of 33 mol%.  
 
 
 
 
 
 
Figure 1.13. Monocyclopentadienyl amidinate catalysts with varying steric bulk. 
 
In 2004, the effect of further structural elaboration of the amidinate ligand 
framework on polymerization behavior was reported.
89
 Specifically, altering the 
identity of the distal R
3
 substituent (Figure 1.13) led to dramatic effects on both the 
living character and stereospecificity of 1-hexene polymerization. At -10 °C, 
polymerization of 1-hexene by 25a or 25b (R
3
 = Ph or H)/[PhNMe2H][B(C6F5)4] 
furnished polymer with a significantly lower degree of isotacticity than the poly(1-
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hexene) produced by 21b/[PhNMe2H][B(C6F5)4], and in the case of 25b, the 
polymerization is no longer living. Furthermore, 25c (R
3
 = tBu)/[PhNMe2H][B(C-
6F5)4] was found to be completely inactive for polymerization. The loss in 
stereocontrol of 25a was attributed to a “buttressing effect” by which the tBu and Et 
groups were “pushed” forward toward the active site leading to a lack of steric 
discrimination at the metal center for olefin coordination. The decrease in 
stereoselectivity of 25b was attributed to a low barrier to metal-centered epimerization 
relative to 21b.  
Interested in further varying the amidinate portion of the catalyst, Mashima 
and co-workers recently reported the synthesis and 1-hexene polymerization behavior 
of Cp* hafnium dimethyl complexes bearing an iminopyrrolyl ligand.
90
 At 0 °C or 
below, compounds 26a-c/[Ph3C][B(C6F5)4] (Figure 1.13) polymerized 1-hexene to 
furnish polymers with narrow molecular weight distributions (Mw/Mn = 1.07 – 1.12) 
and Mn = 9,000 – 36,100 g/mol. The poly(1-hexene)s were all significantly 
isoenriched with the highest level of isotacticity ([mmmm] = 0.90) being obtained 
from 26b at -20 °C. The polymerization of 1-hexene with 26a exhibited a linear 
dependence of Mn versus time at -20 and 0 °C.  
In addition to living 1-hexene polymerization, Sita and co-workers have shown 
that 21b activated with [PhNMe2H][B(C6F5)4] in a stoichiometric ratio furnished 
highly isotactic PP ([mmmm] = 0.71) in a living fashion (Mw/Mn ! 1.20).
26
 
Interestingly, activation with 0.5 equivalents of [PhNMe2H][B(C6F5)4] resulted in the 
production of atactic PP where the Mn was also shown to increase linearly with time 
(Mw/Mn ~ 1.05). A degenerative-transfer (DT) polymerization that proceeds through a 
rapid and reversible methyl group transfer between the cationic (active) and neutral 
(dormant) zirconium centers was considered as the mechanism for this living system 
(Scheme 1.5).
87
 Additionally, the methyl-polymeryl dormant species can undergo 
24 
epimerization that is faster than propagation. Thus, through a combination of methyl 
group transfer and epimerization at dormant sites, each occurring faster than 
propagation, stereocontrol is greatly diminished leading to an atactic microstructure. 
However, upon addition of a second 0.5 equivalent of [PhNMe2H][B(C6F5)4], all Zr 
species become active for polymerization thereby “turning off” DT and initiating 
isospecific polymerization, which can advantageously be used for the production of 
block copolymers. Later, Sita and co-workers synthesized stereogradient PP by initial 
polymerization under DT polymerization conditions followed by slow introduction of 
[PhNMe2H][B(C6F5)4] to 100% activation.
91
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.5. Degenerative group transfer polymerization employing 21b. 
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The living degenerative transfer system that was employed by Sita and co-
workers to make block copolymers from 1-hexene and 1-octene was also applied to 
propylene polymerization.
26
 Formation of a PP diblock copolymer with 
21b/[PhNMe2H][B(C6F5)4] was accomplished by initial activation with 0.5 
equivalents of [PhNMe2H][B(C6F5)4] furnishing an atactic PP segment followed by 
complete activation with another 0.5 equivalents of [PhNMe2H][B(C6F5)4] to furnish 
the aPP-block-iPP. It was found that related complex 27 could effectively reinvoke 
degenerative-transfer by irreversibly transferring a methyl group to the active 
polymerization species. In addition to synthesizing an aPP-block-iPP diblock 
copolymer, an aPP-block-iPP-block-aPP triblock and an aPP-block-iPP-block-aPP-
block-iPP tetrablock sample were formed (Scheme 1.6). The polymers had very 
similar molecular weights (Mn = 164,200 – 172,400 g/mol, Mw/Mn = 1.19). Testing of 
the tensile properties of the block copolymers showed good elastomeric behavior. For 
example, the triblock copolymer displayed an elongation to break of 1530%, the 
highest of the three samples. 
 
 
 
 
 
 
  
 
Scheme 1.6. Synthesis of propylene-based block copolymers using 21b. 
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Sita and co-workers also prepared bimetallic analogues of 21b to investigate 
further the effects of DT polymerization (28a-c, Figure 1.14).
92
 Upon activation with 2 
equivalents of [PhNMe2H][B(C6F5)4] at -10 °C, compounds 28a-c were all found to be 
living and isoselective for propylene polymerization (Mn up to 50,000 g/mol, Mw/Mn = 
1.1 – 1.2), with the degree of stereoselectivity decreasing as the two metal centers are 
brought closer together. Activation under sub-stoichiometric conditions led to living 
DT polymerization. Under these conditions, the frequency of [mr] stereoerrors in the 
PP decrease as the two metal centers are brought closer together resulting from an 
increased barrier to metal-centered epimerization of the dormant site. A linear increase 
in Mn with time was observed for 28a under sub-stoichiometric activation conditions 
to further illustrate the living behavior of the system.  
 
 
 
 
 
 
 
Figure 1.14. Mono- and bimetallic monocyclopentadienyl amidinate complexes. 
 
Sita and co-workers have also reported a modified amidinate hafnium catalyst 
(29, Figure 1.14) that furnished atactic PP of high molecular weight (Mn = 137,000 
g/mol, Mw/Mn = 1.12) upon activation with one equivalent of [PhNMe2H][B(C6F5)4] at 
-10 °C.
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 Mn of up to 830,000 g/mol could be obtained with this system, however 
significant broadening of the PDI was observed (Mw/Mn = 2.43). Furthermore, this 
system demonstrated the first example of living coordinative chain-transfer 
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polymerization (CCTP)
94
 of propylene with diethyl zinc. It was further used for the 
living CCTP of ethylene, 1-hexene, 1-octene, and 1,5-hexadiene in addition to living 
CCTP copolymerization of ethylene with the aforementioned higher !-olefins.
95
 
In addition to simple !-olefins such propylene, Sita and co-workers showed 
that 21a-c/[PhNMe2H][B(C6F5)4] (Figure 1.12) were active for the 
cyclopolymerization of 1,5-hexadiene at -10 °C.
96
 The polymers produced possessed ! 
98 % MCP units, and exhibited narrow polydispersities (Mw/Mn = 1.03 – 1.09). The 
selectivity of ring-closure was ubiquitously trans; the stereoselectivity increasing with 
increasing steric bulk of the amidinate ligand (21a: % trans = 64; 21c: % trans = 82). 
Utilizing the living behavior of 21b/[PhNMe2H][B(C6F5)4], Sita and co-
workers were able to prepare diblock and triblock copolymers of 1-hexene and 1,5-
hexadiene.
96
 At -10 °C, isotactic poly(1-hexene)-block-PMCP and isotactic-poly(1-
hexene)-block-PMCP-block-poly(1-hexene) were obtained from 
21b/[PhNMe2H][B(C6F5)4] through sequential monomer addition. The diblock 
copolymer possessed Mw/Mn = 1.05 and Mn = 22,800 g/mol with Tm = 91 °C. The 
triblock copolymer had Mw/Mn = 1.10, Mn = 30,900 g/mol, and Tm = 79 °C. Atomic 
force microscopy (AFM) revealed that microphase separation of the crystalline PMCP 
and amorphous poly(1-hexene) had occurred.  
 
1.3.5 Catalysts Bearing Diamido Ligands  
While Group 4 metallocene-based olefin polymerization catalysts have 
dominated the field of homogenous olefin polymerization catalysis since the late 
1950s,
1
 the development of complexes bearing non-Cp ligands as potential olefin 
polymerization catalysts has become a rapidly expanding area over the last 15 
years.
97,98
 McConville and Scollard reported that titanium complexes bearing diamide 
ligands, compounds 30a,b (Figure 1.15), polymerized 1-hexene, 1-octene, and 1-
28 
decene to high molecular weight (Mn = 121,500 – 164,200 g/mol) and narrow 
polydispersity index (PDI) (Mw/Mn = 1.07) upon activation with B(C6F3)3 at room 
temperature.
99
 Polymerization of 1-hexene by 30b/B(C6F5)3 exhibited a linear increase 
of Mn with time. Later, Kim and co-workers reported the living polymerization of 1-
hexene catalyzed by a structurally similar zirconium diamide with an ethylene 
bridging unit (31).
100
 When activated with B(C6F5)3 at -10 °C, 31 (Figure 1.15) 
furnished poly(1-hexene)s with Mn = ca. 30,000 – 175,000 g/mol and Mw/Mn = 1.18 – 
1.27. It was also shown that the Mn increased linearly with increasing monomer 
loading. Utilizing sequential monomer addition, Kim and co-workers prepared a block 
copolymer of 1-hexene and 1-octene.
100
 The polymer produced at 0 °C possessed a 
narrow polydispersity (Mw/Mn = 1.21) and a Mn = 108,730 g/mol. 
 
 
 
 
 
 
 
Figure 1.15. Titanium and zirconium complexes bearing diamido ligands.  
 
In 2002, Shiono and co-workers reported that upon activation with dMMAO at 
0 °C, McConville’s dimethyldiamidotitanium complex (30a, Figure 1.15) was capable 
of polymerizing propylene in a living manner.
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 The PPs obtained from 30a/dMMAO 
were atactic and displayed narrow molecular weight distributions (Mw/Mn = ca. 1.16 – 
1.3). The Mn was shown to increase linearly with polymerization time from 10 – 25 
minutes (Mn up to ca. 30,000 g/mol). In later reports, Shiono and co-workers discussed 
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the effects of supported MMAOs on the propylene polymerization behavior of 30a.
102-
105
 Three different supports for MMAO were investigated: SiO2, Al2O3, and MgO. 
Regardless of the support, polymerization of propylene by 30a/supported MMAO at 0 
°C exhibited a linear increase of Mn with time 
 
1.3.6 Catalysts Bearing Diamido Ligands with Neutral Donors 
Interested in investigating the effects of neutral donors on the diamido olefin 
polymerization systems, Schrock and co-workers synthesized tridentate diamido group 
IV complexes bearing a central oxygen donor. The authors postulated the neutral 
donor would enhance stability of the corresponding cationic alkyl active species.
106,107
 
At 0 °C, 32a/[PhNMe2H][B(C6F5)4]  (Figure 1.16), furnished atactic poly(1-hexene) 
(aPH) with Mn = ca. 4,000 – 40,000 g/mol and Mw/Mn = 1.02 – 1.14. A linear increase 
in Mn with monomer conversion was observed. Upon activation with 
[PhNMe2H][B(C6F5)4], the titanium congener (32b) decomposed to unidentifiable 
species, which were not active for 1-hexene polymerization. The analogous hafnium 
complex (32c) furnished poly(1-hexene) with broadened molecular weight distribution 
(Mw/Mn = 1.19 – 1.53) and anomalous Mn-values when activated with 
[PhNMe2H][B(C6F5)4].  
Schrock and co-workers developed a second class of catalysts bearing 
diamidopyridine ligands that were shown to be effective living olefin polymerization 
catalysts.
108
 The diamidopyridine zirconium complexes 33a,b (Figure 1.16) when 
activated with [Ph3C][B(C6F5)4] produce poly(1-hexene)s with narrow polydispersities 
(Mw/Mn < 1.08). The identity of the alkyl group bound to zirconium was shown to 
greatly affect the polymerization behavior. Upon activation, 33a reacts with 1-hexene 
to a significant extent by 2,1-insertion into the initial Zr-Me bond to give a 3-heptyl 
complex that undergoes !-H elimination to yield 2-heptenes. Only a fraction that 
30 
undergoes 1,2-insertion gives a stable propagating species. No 2,1-insertion into the 
Zr-iBu bond is observed upon activation of 33b giving rise to a relatively well-
behaved polymerization system in which Mn values are three times higher than those 
expected based on the assumption of one polymer chain per metal center (Mn
theo
). At 0 
°C, the diisobutyl hafnium analogue (34) was shown to polymerize 1-hexene in a 
living fashion upon activation with [Ph3C][B(C6F5)4] to furnish poly(1-hexene)s with 
Mw/Mn = 1.02 – 1.05 and Mn = 10,000 – 50,000 g/mol that matches Mn
theo
.
109,110
 The 
apparent difference in polymerization behavior is attributed to greater stability toward 
!-H elimination in this system. Upon replacing the mesityl groups with 2,6-C6H3Cl2 
within the ligand framework of 34, Schrock and co-workers found that the living 
character of 1-hexene polymerization catalyzed by 35/[Ph3C][B(C6F3)4] was slightly 
diminished with evidence of !-H elimination.
111
 Despite the fact that !-H elimination 
was observed, the resultant polymers still displayed narrow polydispersities (Mw/Mn = 
1.01 – 1.05) and the Mn values were about 90 % of those expected. 
 
 
 
 
 
 
 
 
 
Figure 1.16. Olefin polymerization precatalysts bearing diamido ligands with neutral 
donors. 
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The diamidoamine complexes of zirconium and hafnium are a third class of 
compounds for olefin polymerization introduced by Schrock and co-workers.
112-114
 
When activated with [Ph3C][B(C6F5)4], 36a (R
1
 = R
2
 = Me, Figure 1.16) was shown to 
be active for 1-hexene polymerization furnishing poly(1-hexene)s that possessed 
Mw/Mn = 1.1 – 2.1 and Mn = 19,200 – 45,000 g/mol that deviated from the expected 
values.
112
 Later studies showed that 36a undergoes deactivation via an intramolecular 
C-H activation of the ortho-Me on the mesityl group upon methide abstraction. 
Replacing the ortho-Me with ortho-Cl (36b) and subsequent activation with 
[PhNMe2H][B(C6F5)4] at 0 °C gives rise to a catalyst that is living for 1-hexene 
polymerization.
113
 The resultant polymer exhibited narrow polydispersities (Mw/Mn = 
1.01 – 1.04) and Mn values that were in good agreement with Mn
theo
. Utilizing 
[Ph3C][B(C6F5)4] or B(C6F5)3 as an activator, the hafnium analogue of 36b (36c) 
exhibited significant termination via !-H elimination.
114
 
 
1.3.7 Amine-phenolate Titanium and Zirconium Catalysts 
In 2000, Kol and co-workers reported the synthesis and subsequent olefin 
polymerization behavior of a titanium complex bearing an amine bis(phenolate) ligand 
which incorporated an additional amino side-arm donor (37a, Figure 1.17).
115
 When 
activated with B(C6F5)3 at room temperature, 37a furnished atactic poly(1-hexene)s 
with narrow molecular distributions (Mw/Mn = 1.09 – 1.18) and the Mn was shown to 
increase linearly with time. Upon omission of the amino side-arm donor (38), only low 
molecular weight poly(1-hexene) (Mn = ca. 2,000 g/mol) with Mw/Mn = 1.92 – 2.43 
was obtained. However, replacing the bulky tBu groups with sterically less demanding 
chlorides (37b) allowed the living polymerization of 4-methyl-1-pentene to furnish 
atactic poly(4-methyl-1-pentene).
116
 
32 
Kol and co-workers also reported in 2000 the synthesis and polymerization 
behavior of the C2-symmetric, ethylene-bridged zirconium analogue (39a, Figure 
1.17) of 37a.
117
 At room temperature, 39a/B(C6F5)3 furnished highly isotactic poly(1-
hexene) and poly(1-octene). The poly(1-hexene)s exhibited  narrow polydispersities 
(Mw/Mn = 1.11 – 1.15) with Mn = ca. 4,000 – 12,000 g/mol; the Mn was shown to 
increase linearly with monomer consumption. Reducing the substituent size on the 
phenoxide moiety (39b) resulted in atactic poly(1-hexene) with a broadened molecular 
weight distribution (Mw/Mn = 1.57). In a subsequent report, it was shown that 
replacing the ortho- and para-tert-butyl substituents of 39a with chlorides (39c) 
resulted in greatly diminished living behavior.
118
 Importantly, the titanium congener 
(39d) and the analogous 2,4-dibromophenol-bearing complex (39e) polymerized 1-
hexene in a living manner for a period of 40 to 75 minutes when activated with 
B(C6F5)3. The poly(1-hexene)s exhibited extremely high molecular weights (Mn up to 
1,750,000 g/mol, Mw/Mn ! 1.2) and moderate degrees of isotacticity (39d: [mm] = 
0.60, 39e: [mm] = 0.80). 
 
 
 
 
 
 
 
 
Figure 1.17. Titanium and zirconium complexes bearing [ONNO] and [ONO] ligands. 
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A third class of novel olefin polymerization catalysts featuring [ONOO] Group 
4 metal complexes bearing a methoxy side-arm donor (40) was introduced by Kol and 
co-workers in 2001.
119
 At room temperature, 40/B(C6F5)3 (Figure 1.18) furnished 
poly(1-hexene)s with narrow polydispersities (Mw/Mn = 1.07 – 1.12) and high 
molecular weights (Mn up to 445,000 g/mol). A linear increase in Mn with increasing 
reaction time was observed for up to 31 hours. The living character of the 
polymerization was maintained upon heating to 65 °C for one hour as evidenced by 
the narrow polydispersity of the resultant polymer (Mw/Mn = 1.30). Kol and co-
workers were able to apply this catalyst system to the synthesis of block copolymers of 
1-hexene and 1-octene.
119,120
 Using 40/B(C6F5)3  a block copolymer of 1-hexene and 1-
octene was prepared via sequential monomer addition where each domain had an 
atactic microstructure. The polymer possessed a narrow molecular weight distribution 
(Mw/Mn = 1.2) and a Mn = 11,600 g/mol. Further modification of the catalyst system 
through introduction of the 2,4-dimethyl or 2,4-dichloro phenoxide moiety led to a 
loss of living character.
121
 Additionally, the zirconium and hafnium analogues of 40 
were also shown to deviated from living behavior (Mw/Mn = 1.4 – 3.0).
122
 
 
 
 
 
 
 
 
 
 
Figure 1.18. Titanium complexes bearing [ONOO] ligands. 
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The effect of the neutral oxygen donor’s identity on the polymerization 
behavior of the [ONOO] titanium complexes has also been investigated. Substituting 
the methoxy donor of 40 with a THF-moiety (41a, Figure 1.18) lead to similar 
polymerization results, however, replacing the benzyl ligands with methyl ligands 
(41b) results in a dramatic increase in the duration of the living period for up to 6 days 
at room temperature upon activation with B(C6F5)3. The resultant atactic poly(1-
hexene) had a Mn up to 816,000 g/mol and Mw/Mn = 1.04 – 1.12.
120
 The extremely 
long-lived catalyst generated from 41a was used to prepare a block copolymer of 1-
hexene and 1-octene through sequential monomer addition to furnish poly(1-hexene)-
block-poly(1-octene). The block copolymer had Mn = 34,000 g/mol while maintaining 
the low Mw/Mn = 1.16. 
Further modification of the system through introduction of a furan donor (42, 
Figure 1.18) into the ligand framework led to a ten-fold increase in polymerization 
activity relative to 41a/B(C6F5)3 furnishing poly(1-hexene)s of high molecular weight 
(Mn up to 500,000 g/mol, Mw/Mn ! 1.37).
123
 The increase in activity of 42/B(C6F5)3 
resulted in diminished living character of the 1-hexene polymerization exhibiting a 
linear increase in Mn over the course of only two hours.  
In addition to 1-hexene, Busico and co-workers have investigated the 
propylene polymerization behavior of Kol’s octahedral [ONNO] zirconium complexes 
39a,b (Figure 1.17).
124
 In contrast to the living 1-hexene polymerization observed for 
39a/B(C6F5)3, the polypropylenes produced by 39a and 
39b/[PhNMe2H][B(C6F5)4]/Al(iBu)3 showed evidence of termination via chain 
transfer to Al and !-H transfer to monomer. Utilizing Kol’s diamino 
bis(phenolate)zirconium catalyst (39a), Busico and co-workers reported the 
preparation of a diblock copolymer of iPP and PE under “quasi-living” conditions in 
2003.
125
 Using 39a/[PhNMe2H][B(C6F5)4] with 2,6-di-tert-butylphenol modified 
35 
Al(iBu)3 as scavenger, a diblock copolymer of ethylene and propylene was prepared 
by sequential monomer addition of ethylene (1.5 minutes) and propylene (20 minutes). 
The resultant copolymer possessed a narrow polydispersity (Mw/Mn as low as 1.2 
when Mn = 6,500 g/mol). Characterization of the copolymer by 
13
C NMR 
spectroscopy and DSC was consistent with a block structure. These results represented 
the first synthesis of an iPP-block-PE copolymer via sequential monomer addition at 
polymerization durations greater than one minute.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.19. Titanium and zirconium complexes bearing [ONNO] ligands with 
increased steric bulk. 
 
In a subsequent report, Busico and co-workers reported that modification of 
the ligand framework resulted in the controlled polymerization of propylene with this 
class of catalysts.
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 By installing bulky 1-adamantyl (43a) or cumyl (43b) 
substituents at the ortho-position of the phenol moiety (Figure 1.19), PPs with narrow 
molecular weight distributions were obtained (Mw/Mn = 1.2 – 1.6) under the same 
activation procedure. For 43a/[PhNMe2H][B(C6F5)4]/Al(iBu)3, a linear increase of Mn 
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resonances consistent with terminal vinylidene groups were apparent in the 
13
C NMR 
spectrum. Chain transfer to aluminum was suppressed by the addition of 2,6-di-tert-
butylphenol. The PP formed by 43a/[PhNMe2H][B(C6F5)4]/Al(iBu)3 was highly 
isotactic ([mmmm] = 0.985, Tm = 151 °C). Utilizing sequential monomer addition of 
ethylene and propylene, 43a/[PhNMe2H][B(C6F5)3] with 2,6-di-tert-butylphenol 
modified Al(iBu)3 as a scavenger were employed in the synthesis of a diblock 
copolymer. The resultant iPP-block-PE displayed higher molecular weight (Mn = 
22,000 g/mol, Mw/Mn = 1.3) and Tm of the iPP block (152 °C) than analogous block 
copolymer obtained from 39a.
126
 
 In 2009, Busico and co-workers reported the polymerization behavior of 44a,b 
(Figure 1.19), the hafnium analogues of 43a,b, which were both found to be living for 
the polymerization of ethylene and propylene.
127
 Following activation with MAO and 
2,6-di-tert-butylphenol in the presence of propylene, 44b produced isotactic 
polypropylene ([mmmm] = 0.970) with increasing molecular weight (Mn = 6,200 – 
13,900 g/mol) over the course of 9 hours while maintaining narrow molecular weight 
distributions (Mw/Mn = 1.3 – 1.5). In addition to propylene, 44b/MAO/2,6-di-tert-
butylphenol was found to be living for the polymerization of ethylene over the course 
of 4 hours, a significant improvement relative to 43a. Utilizing this improved living 
behavior, 44b/MAO/2,6-di-tert-butylphenol was used to prepare a triblock copolymer. 
The resultant iPP-block-poly(ethylene-co-propylene)-block-iPP possessed narrow 
polydispersity (Mw/Mn = 1.2,  Mn = 22,000 g/mol) while maintaining a high Tm (143 
°C). 
 
1.3.8 Titanium Catalysts Bearing Tridentate Aminodiol Ligands 
The importance of neutral donors in the ligand framework of living olefin 
polymerization catalysts was also demonstrated recently by Sundararajan and co-
37 
workers.
128,129
 In 2002, the authors reported titanium dichloride complexes of 
tridentate aminodiol ligands (rac and meso-45, Figure 1.20) treated with MAO 
furnished poly(1-hexene)s possessing relatively narrow polydispersities (Mw/Mn = 
1.07 – 2.9) with a range of tacticities depending on the symmetry of the catalyst 
precursor.
128
 Incorporation of a pendent methoxy donor into the aminodiol ligand 
framework gave rise to catalysts that were capable of living 1-hexene 
polymerization.
129
 At temperatures between -10 – 30 °C both 46a/MAO and 
46c/MAO furnished poly(1-hexene)s with low polydispersities (Mw/Mn = 1.06 – 1.11) 
and Mn = 73,000 – 424,000 g/mol. The highest degree of isotacticity ([mmmm] = 0.85) 
was obtained for polymer produced by 46a at -10 °C. Additionally, a linear 
dependence of Mn on reaction time was observed at -10 °C. The zirconium congeners 
of 46a and 46c (46b and 46d, Figure 1.20) have been prepared by Sudhakar and upon 
activation with MAO gave similar results for 1-hexene polymerization.
130
 A linear 
relationship between Mn and reaction time was observed at 28 °C. 
 
 
 
 
 
 
Figure 1.20. Aminodiol titanium and zirconium complexes. 
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series of titanium complexes bearing tetradentate [OSSO] bis(phenolate) ligands.
131
 
When activated with [PhNMe2H][B(C6F5)4] in the presence of Al(nOct)3 at 25 °C, 47 
(Figure 1.21) produced highly isotactic polystyrene (iPS) ([mm] > 0.95) with narrow 
molecular weight distributions (Mw/Mn = 1.08 – 1.27) and Mn = 18,300 – 106,100 
g/mol. The Mn was shown to increase as a linear function of the conversion.  
Nomura and Zhang reported on the living copolymerization of ethylene and 
styrene using a cyclopentadienyl(ketimide)titanium(IV) complex (48, Figure 1.21) in 
2005.
132
 Upon activation with MAO at 25 °C, 48 furnished poly(ethylene-co-styrene) 
with narrow polydispersities (Mw/Mn = 1.14 – 1.36) and Mn = 53,000 – 173,000 g/mol. 
The Mn was shown to increase linearly with time. Interestingly, 48/MAO exhibited 
non-living behavior for styrene and ethylene homopolymerizations despite the living 
behavior observed for the copolymerization of the two monomers. 
 
 
 
 
 
 
 
Figure 1.21. Titanium precatalysts for styrene homopolymerization. 
 
1.3.10 Bis(phenoxyimine)titanium Catalysts 
 In 1999, Fujita and co-workers reported on a class of Group IV complexes 
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polymerization.
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stereoregular polymers, Coates and co-workers used a pooled combinatorial approach 
to screen Mitsui-type complexes for propylene polymerization behavior. Despite the 
C2-symmetry of the catalyst precursor, 49b/MAO furnished syndiotactic PP ([r] = 
0.94) resulting from a chain-end control mechanism.
136
 Later, several studies revealed 
an unusual 2,1-insertion mechanism.
137-139
 In addition, calculations on the system have 
supported a ligand isomerization event that interconverts the ! and " isomers of the 
active species between consecutive insertions, causing an alternation between si and re 
coordination of propylene which leads to syndiotactic polymer formation.
140-142
 
 
 
 
 
 
 
 
 
Figure 1.22. Early bis(phenoxyimine)titanium complexes. 
 
It was later found that the incorporation of fluorinated N-aryl moieties into the 
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(Mw/Mn = 1.12, Mn = 145,100 g/mol). Utilizing the living nature of 50/MAO, a sPP-
block-poly(E-co-P) diblock copolymer of high molecular weight (Mn = 145,100 g/mol, 
Mw/Mn = 1.12) was prepared through sequential monomer addition.
143
 Several studies 
on the physical properties of sPP-block-poly(E-co-P) diblock copolymers made using 
50/MAO have been conducted including those involving the morphology,
144
 
thermodynamic behavior, and self-assembly
145
 of the materials. In subsequent work, 
the addition of a third block was employed in the formation of a sPP-block-poly(E-co-
P)-block-sPP triblock copolymer.
27
 TEM revealed that the polymer exhibited a 
microphase-separated morphology with sPP cylinders in a poly(E-co-P) matrix. 
Tensile testing revealed a strain to break of about 550%. 
Fujita and co-workers independently reported that 51/MAO was also living 
and syndioselective ([rr] = 87%) for propylene polymerization at room temperature, 
producing polymer with Mn = 28,500 – 108,000 g/mol and Mw/Mn = 1.07 – 1.14.
146
 
Living ethylene/propylene copolymerization and block copolymer formation has also 
been demonstrated with 51/MAO.
147
 Exploiting this living behavior, sPP-block-
poly(E-co-P), PE-block-sPP, and PE-block-poly(E-co-P)-block-sPP have been 
prepared through sequential monomer addition.
148,149
 Furthermore, employing a 
supported cocatalyst with 51 has also shown characteristics of living behavior. 
Polypropylene formed using 51/MgCl2/i-BunAl(OCH2CH(Et)(CH2)3CH3)3-n had 
narrow PDIs (Mw/Mn = 1.09 – 1.17, Mn = 53,000 – 132,000 g/mol) and the 
polymerization exhibited a linear increase in Mn with reaction time.
150
 
 Studies on the effect of the fluorination pattern of the N-aryl ring revealed that 
complexes bearing the 2,4-di-tert-butyl phenoxide moiety require at least one ortho 
fluorine on the N-aryl ring to exhibit living propylene polymerization behavior.
151,152
 
As the amount of fluorination of the N-aryl moiety is decreased from the perfluoro 
complex 50 to the monofluoro complex 52a (Figure 1.23), activities and tacticities for 
41 
propylene polymerization also decreased while the polydispersities remain 
consistently low (Mw/Mn ! 1.11, Mn up to 28,900 g/mol) upon MAO activation. 
Installing a trifluoromethyl group at the para-position of the N-aryl moiety (52e, 
Figure 1.23) led to an increase in activity of approximately 1.5 times that of 50/MAO 
with similar tacticity ([rrrr] = 0.91).
153
 Interestingly, complexes related to 52a-c where 
the para-substituent of the phenoxide moiety is H, produced amorphous PP upon 
MAO activation. These samples gave bimodal GPC traces each composed of a narrow 
peak (Mw/Mn ! 1.10) and a broad peak (Mw/Mn = 4.19 – 14.9).
154
 
 
 
 
 
 
 
 
 
 
Figure 1.23. Bis(phenoxyimine)titanium complexes with varying fluorination 
patterns. 
 
 Modification of the ortho substituents on the phenolate ring has yielded a 
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melting temperatures (Tm up to 156 °C) in a living fashion.
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aforementioned ortho position to a larger triethylsilyl group (54a) gave similar results 
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stereocontrol producing amorphous PP that exhibited fairly narrow polydispersities 
(Mw/Mn ~ 1.2). 
Further modifications to both the phenoxide and N-aryl moieties, relative to 50 
have also been made. For example, 55 (Figure 1.24) contains a 2,6-F2C6H3 N-aryl 
moiety and iodine substituents on the phenolate ring. When activated with MAO at 25 
°C, 55 was reported to produce amorphous PP which exhibited a narrow molecular 
weight distribution (Mw/Mn = 1.17, Mn = 200,000 g/mol).
157,158
 Furthermore, 
complexes 56a,b employ 3,5-difluorophenyl N-aryl groups and substituents smaller 
than tert-butyl in the ortho position of the phenoxide moiety. Both 56a,b/MAO were 
shown to furnish amorphous PP ([rrrr] ! 0.48) with narrow molecular weight 
distributions (Mw/Mn = 1.13 – 1.16, Mn up to 240,000 g/mol).
159
 This finding was 
surprising in that both complexes lack ortho fluorines on the N-aryl moiety.  
 
 
 
 
 
 
 
 
 
Figure 1.24. Bis(phenoxyimine)titanium complexes with varying substitution 
patterns. 
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phenoxyimine complexes bearing one non-living (ortho-non-fluorinated ligand) and 
one living ligand (ortho-fluorinated ligand) displayed superior activities over their 
homoligated counterparts.
152
 For example, PP produced with 49b/MAO (Figure 1.22) 
exhibited a broad PDI (Mw/Mn = 1.41) and a turn-over frequency (TOF) of 42 h
-1
 
while 50/MAO exhibited a narrow PDI (Mw/Mn = 1.06) and a TOF of 221 h
-1
. 
However, the heteroligated catalyst 57/MAO (Figure 1.25) produced PP with Mn = 
70,170 g/mol and Mw/Mn = 1.16 and exhibited a TOF of 760 h
-1
. Additionally, 
syndiotactic polymer ([rrrr] = 0.91]) was formed with this heteroligated catalyst. 
 
 
 
 
 
 
 
Figure 1.25. Heteroligated bis(phenoxyimine)titanium catalyst. 
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acidic workup.
161
 This strategy was also successful for the production of hydroxyl-
terminated syndiotactic PP from 51/MAO. Furthermore, addition of the 
aforementioned functionalized a-olefins as a chain end capping agent furnished 
telechelic syndiotactic PPs bearing hydroxyl groups at both chain ends upon acidic 
workup. 
While bis(phenoxyimine) titanium complexes can provide highly syndiotactic 
PP, copolymers that incorporate PE blocks have also been synthesized with these 
catalysts. Using 51/MAO (Figure 1.22) a PE-block-poly(E-co-P) diblock and a PE-
block-poly(E-co-P)-block-PE triblock copolymer have been synthesized through 
sequential monomer addition.
148
 A PE-block-poly(E-co-P) diblock copolymer was also 
synthesized using 55/MAO (Figure 1.24).
157,162
 While the molecular weight of the 
polymer was quite high with Mn = 2,000,000 g/mol, the molecular weight distribution 
was fairly broad (Mw/Mn = 1.60).  
Some of the early titanium bis(phenoxyimine) catalysts have also been used for 
living ethylene polymerization. In 2003, Coates and co-workers reported that 49b 
when activated with MAO at 50 °C polymerized ethylene to produce polyethylene 
with Mw/Mn = 1.10 and Mn = 44,500 g/mol.
163
 In 2004, Ivanchev et al. reported a near-
linear increase in Mv with time for the polymerization of ethylene with 49a/MAO at 
30 °C.
164
 In later work on the same system, Fujita and co-workers found that 
molecular weight distributions were low at a reaction time of one minute (Mw/Mn = 
1.12, Mn = 52,000 g/mol) while the PDI broadened significantly at reaction times of 
just five minutes (Mw/Mn = 1.61, Mn = 170,000 g/mol).
165
 Other, related complexes 
were synthesized and screened for ethylene polymerization. Complexes 58a,b/MAO 
(Figure 1.26) showed a near-linear increase in Mv with times up to about 20 
minutes.
166
 
45 
To investigate the effect of the substituent at the ortho position of the 
phenoxide moiety, complexes 54b,c and 59a,b (Figures 1.24 and 1.26) were screened 
for ethylene polymerization.
167
 When activated with MAO at 25 °C, each complex 
produced PE with a narrow molecular weight distribution (Mw/Mn = 1.05 – 1.16, Mn up 
to 75,000 g/mol), however reaction times were kept to one minute. While all the 
catalysts were living, activities were about an order of magnitude less than 51/MAO. 
Having shown that 51, 54b, 59a,b /MAO were living for ethylene polymerization, 
Fujita and co-workers investigated the ability of these catalysts to produce ethylene/!-
olefin copolymers in a living fashion.
167
 Copolymerizations with ethylene and either 
1-hexene, 1-octene, or 1-decene were carried out with each catalyst at 25 °C. In all 
cases, polymers with narrow molecular weight distributions were obtained (Mw/Mn ! 
1.22). As the steric bulk of the ortho substituent decreased, increased !-olefin 
incorporation was observed. A series of PE-block-poly(E-co-1-hexene) samples was 
produced using 54b/MAO via sequential monomer addition. Molecular weight 
distributions for the block copolymers were generally low (Mw/Mn = 1.11 – 1.31 for 
Mn up to 121,000 g/mol) and 1-hexene contents of up to 28.9 mol% were estimated. 
 
 
 
 
 
 
 
 
 
 
Figure 1.26. Bis(phenoxyimine)titanium complexes with varying substitution 
patterns. 
58a R1 = Ph, R2 = Me 
58b R1 = Cy, R2 = Me
60a R1 = 2-FC6H4, R
2 = H
60b R1 = 2,6-F2C6H3, R
2 = H
60c R1 = 2,4,6-F3C6H2, R
2 = H
O
O
N
R1
R2
tBu
N
R1
R2
tBu
Cl
Ti
Cl
O
O
N
R1
N
R1
Cl
Ti
Cl
F
F
F
F
F
F
F
F
F
F
59a R1 = Cy 
59b R1 = H
O
O
N
R1
N
R1
Cl
Ti
Cl
F
F
F
F
F
F
61a R1 = CMe2Ph, R
2 = Me
61b R1 = tBu, R2 = H
R2
R2
46 
Finally, the role of N-aryl fluorination on ethylene polymerization behavior has 
also been explored. Each of the catalysts 60a-c/MAO (Figure 1.26) has been shown to 
be well-behaved for ethylene polymerization at 50 °C and 60a/MAO and 60b/MAO 
produced polymer with narrow molecular weight distributions at reaction times 
between 1-5 minutes (Mw/Mn ~ 1.05, Mn = 13,000 – 64,000 g/mol).
148,168
 Fujita and 
co-workers reported that ZnEt2 could be used as a chain-transfer agent in the living 
ethylene polymerization employing 61a/MAO (Figure 1.26) leading to zinc end-
functionalized chains and a titanium species that reinitiates living ethylene 
polymerization upon the addition of monomer.
169
 Despite being living for ethylene 
polymerization, 61b was no longer living in the presence of ZnEt2. 
 
 
 
 
 
 
Scheme 1.7. Synthesis of ethylene/cyclopentene block copolymers using 50/MAO. 
 
Bis(phenoxyimine) titanium complexes have also been employed in the living 
copolymerization of ethylene and cyclic olefins. Utilizing 50/MAO and varying 
ethylene pressure, a series of poly(E-co-CP)s with different cyclopentene contents 
were prepared (Figure 1.22 , Scheme 1.7).
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 When ethylene pressure was low (< 1 
psi), an almost perfectly alternating copolymer was formed (Mn = 21,000 g/mol, 
Mw/Mn = 1.34, Tg = 10.1 °C). However, the use of higher ethylene pressures (3 psi) 
resulted in the formation of a random copolymer containing 36 mol% cyclopentene 
(Mn = 133,000 g/mol, Mw/Mn = 1.24, Tg = -4.5 °C). Microstructural analysis using 
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NMR spectroscopy revealed that in both cases, all cyclopentene units were isolated 
and enchained in a 1,2 fashion. Tri- and multiblock copolymers were synthesized in 
which the constituent blocks differed in their cyclopentene content. 
Copolymers from ethylene and norbornene have also been made using 
50/MAO.
171
 With this catalyst, a high molecular weight, low PDI poly(E-co-NB) 
sample was prepared (Mn = 238,000 g/mol, Mw/Mn = 1.05) containing 62 mol% 
ethylene and a Tg of 86.5 °C. In addition, 50/MAO was also used to synthesize a high 
molecular weight poly(E-co-P)-block-poly(E-co-NB) sample (Mn = 576,000 g/mol, 
Mw/Mn = 1.13). 
 
 
 
 
 
 
 
 
 
 
Scheme 1.8. Polymerization of 1,5-hexadiene using 50. 
 
In addition to cyclic olefins, Coates and co-workers found that 
bis(phenoxyimine) titanium complex 50 (Figure 1.22) was also capable of living 1,5-
hexadiene polymerization and 1,5-hexadiene/propylene copolymerization.
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Homopolymerization of 1,5-hexadiene with 50/MAO at 0 °C produced a high 
molecular weight polymer with a narrow PDI (Mn = 268,000 g/mol, Mw/Mn = 1.27). 
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The polymer showed the presence of two distinct units – the expected MCP units as 
well as 3-vinyl tetramethylene (3-VTM) units. As shown in Scheme 1.8, the MCP 
units are proposed to arise from 1,2-insertion of 1,5-hexadiene followed by a 1,2-
cyclization. However, an initial 2,1-insertion of 1,5-hexadiene followed by a 1,2-
cyclization forms a strained cyclobutane species. After a !-alkyl elimination, the 3-
VTM unit is generated. Additionally, propylene/1,5-hexadiene copolymers with high 
molecular weights were also produced (Mn = 119,000 – 145,000 g/mol, Mw/Mn = 1.09 
– 1.16).  
 
 
 
Scheme 1.9. Synthesis of propylene/1,5-hexadiene block copolymers. 
 
Using 50/MAO, Coates and Hustad reported the living copolymerization of 
propylene and 1,5-hexadiene to produce random copolymers comprised of units of 
propylene, MCP, and 3-VTM.
172
 Through sequential monomer addition, a sPP-block-
poly(P-co-MCP-co-3-VTM) diblock copolymer was synthesized with 50/MAO 
(Scheme 1.9). The molecular weight distribution of the block copolymer was low 
(Mw/Mn = 1.11, Mn = 93,300 g/mol) and contained 4.3 mol% MCP units and 2.7 mol% 
3-VTM units. A poly(E-co-P)-block-poly(MCP-co-3-VTM) was also synthesized (Mn 
= 524,700 g/mol, Mw/Mn = 1.13). Lastly, 50/MAO has been used to produce a high 
molecular weight poly(MCP-co-3-VTM)-block-poly(E-co-NB) sample with Mn = 
451,000 g/mol and Mw/Mn = 1.41.
171
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1.3.11 Bis(phenoxyketimine)titanium Catalysts 
 While bis(phenoxyimine) titanium complexes furnish sPP, it had been 
proposed that placing a substituent at the imine carbon of the ligand could prevent the 
isomerization responsible for the production of sPP and lead to the formation of 
iPP.
173
 Ketimine complexes 62a-c (Figure 1.27) were synthesized and found to be 
sparingly active for propylene polymerization, despite the ability to polymerize 
ethylene in a living fashion upon activation.
163,173
 Complexes bearing smaller ortho 
substituents on the phenolate ring were reasoned to enable higher propylene activities 
by providing a sterically less-encumbered active site. With this in mind, complexes 
63a-d (Figure 1.27) were synthesized and screened for propylene polymerization.
173
 
Upon activation with MAO at 0 °C, each complex produced PP with a narrow 
molecular weight distribution (Mw/Mn = 1.12 – 1.17, Mn = 2,700 – 35,400 g/mol) and 
63c/MAO was shown to exhibit a linear increase in Mn as a function of yield. The 
resulting polymers displayed a variety of tacticities with 63c/MAO furnishing PP with 
the highest tacticity ([mmmm] = 0.53, Tm = 69.5 °C). As a comparison, the analogous 
aldimine of 63c (63e) in which R
3
 = H, furnishes atactic PP with Mn = 123,100 g/mol  
 
 
 
 
 
 
 
 
 
Figure 1.27. Bis(phenoxyketimine)titanium complexes. 
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and Mw/Mn = 1.13. Further exemplifying the living nature of 63c/MAO for partially 
isospecific propylene polymerization, an iPP-block-poly(E-co-P) sample was 
produced with this catalyst. After polymerization of propylene to form an iPP block of 
Mn = 28,100 g/mol (Mw/Mn = 1.10), ethylene was added to the reaction yielding a 
diblock copolymer with Mn = 62,000 g/mol and Mw/Mn = 1.10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.28. Bis(phenoxyketimine)titanium complexes with varying substituents. 
 
To obtain higher isoselectivity, Coates and co-workers systematically varied 
ortho-, meta-, and para-substituents on the phenoxide moiety in addition to the 
ketimine substituent in complexes 64a-r (Figure 1.28).
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polymers differed with 64k/MAO producing PP with the highest tacticity ([mmmm] = 
0.73, Tm = 116.8 °C) in addition to exhibiting a linear increase in Mn as a function of 
polymer yield. Exploiting the living nature of the 64k/MAO, block copolymers 
containing iPP blocks were prepared via sequential monomer addition.
28
 Specifically, 
an iPP-block-poly(E-co-P)-block-iPP, iPP-block-poly(E-co-P)-block-iPP-block-
poly(E-co-P)-block-iPP, and iPP-block-poly(E-co-P)-block-iPP-block-poly(E-co-P)-
block-iPP-block-poly(E-co-P)-block-iPP copolymer were prepared. The polymers had 
narrow molecular weight distributions (Mw/Mn = 1.13 – 1.30) and high molecular 
weights (Mn = 102,000 – 235,000 g/mol). Testing of the tensile properties of the block 
copolymers showed good elastomeric behavior with the triblock copolymer displaying 
an elongation to break of 1000%.  
 In addition to propylene, Coates and co-workers reported that 62a-c (Figure 
1.27) when activated with MAO at 0 and 20 °C all produced PE that exhibited a 
narrow molecular weight distribution (Mw/Mn ! 1.08) and had number average 
molecular weights (Mn = 15,000 – 47,000 g/mol) that coincided with Mn
theo
.
163
 A 
linear increase in Mn with polymer yield for the polymerization catalyzed by 
62c/MAO at 0 °C and for 62b/MAO at 50 °C was demonstrated. A related complex 
(65, Figure 1.27), when activated with MAO at 50 °C, produced PE with Mw/Mn = 
1.08 (Mn = 9,000 g/mol).
165
 
 
1.3.12 Bis(pyrrolide-imine)titanium Catalysts 
In 2000, Fujita and co-workers reported the behavior of bis(pyrrolide-
imine)titanium complexes for ethylene polymerization, however living behavior was 
not observed.
174
 As a result, Fujita and co-workers turned their attention to the 
copolymerization of ethylene and norbornene.
175-177
 At 25 °C, 66a-d/MAO (Figure 
1.29) furnished poly(E-alt-NB) with narrow molecular weight distributions and high 
52 
molecular weights (Mw/Mn = 1.10 – 1.24, Mn = 127,000 – 600,000 g/mol). A linear 
increase of Mn with time over the course of 20 minutes was observed. The copolymers 
were found to contain 95.4% perfectly alternating units. The polymer chain-end 
structures were consistent with chain initiation by insertion of norbornene into the Ti-
Me bond, and a last inserted norbornene unit after termination by protonolysis. This 
suggests norbornene plays a stabilizing role for the active species against termination 
processes. 
 
 
 
 
 
Figure 1.29. Bis(pyrrolide-imine)titanium and bis(indolide-imine)titanium complexes. 
 
 
 
 
 
 
 
Scheme 1.10. Synthesis of ethylene/norbornene block copolymers. 
 
Utilizing 66b/MAO (Figure 1.29), Fujita and co-workers were able to prepare 
block copolymers containing poly(E-co-NB) and PE segments as well as block 
copolymers containing poly(E-co-NB) segments with varying degrees of norbornene 
incorporation.
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with 7.6 mol% norbornene incorporation in the first block and 27.4 mol% norbornene 
overall were prepared by initiating the polymerization with ethylene containing the 
desired amount of norbornene. After the first block had been formed, supplemental 
norbornene was added while maintaining the ethylene feed (Scheme 1.10). 
Additionally, PE-block-poly(E-co-NB) was prepared through sequential monomer 
addition. The diblock copolymer exhibited a narrow polydispersity (Mw/Mn = 1.56) 
and Mn = 414,000 g/mol with a norbornene content of 31.5 mol %. 
 
1.3.13 Bis(indolide-imine)titanium Catalysts 
 Expanding on imine ligated catalysts, Fujita and co-workers synthesized 
bis(indolide-imine)titanium complexes and evaluated their potential as ethylene 
polymerization catalysts.
178-182
 When activated with MAO at room temperature, 
compounds 67a-c (Figure 1.29) furnished PE with narrow molecular weight 
distributions (Mw/Mn = 1.11 – 1.23) with Mn = 11,000 – ca. 90,000 g/mol. At 25 °C, a 
linear increase of Mn with increasing polymer yield was observed for 67a-c/MAO. 
Exhaustive fluorination of the N-aryl moiety (67d) resulted in living behavior at -10 
°C (Mw/Mn = 1.12 – 1.15), while polymerization at 25 °C led to a broadened molecular 
weight distribution (Mw/Mn = 1.93).
179,180
 Using 67c/MAO, Fujita and co-workers 
were able to prepare PE-block-poly(E-co-P) copolymers containing 8.0 mol% 
propylene via sequential monomer addition with Mw/Mn = 1.17 and Mn = 31,400 
g/mol.
180,181
 TEM visualization of the block copolymer revealed microphase 
separation of the poly(E-co-P) and PE domains, which were evenly dispersed 
throughout the sample. 
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1.3.14 Bis(enaminoketonato)titanium Catalysts  
 The synthesis and ethylene polymerization activity of 
bis(enaminoketonato)titanium complexes was reported by Li and co-workers in 
2004.
183
 Upon activation with MMAO at 25 °C, 68a,b (Figure 1.30) furnish linear PEs 
with narrow molecular weight distributions (Mw/Mn = 1.25 – 1.45) and Mn = 51,000 
g/mol – 129,000 g/mol. At 25 °C, a linear increase in Mn with reaction time is 
observed with 68a/MMAO. Mecking and co-workers reported ortho-fluorination on 
the N-aryl moiety (69a, Figure 1.30) furnished living and thermally robust ethylene 
polymerization catalysts upon MAO activation.
184
 A linear increase in Mn over time 
was observed at 25, 50, and up to 75 °C. Non-living behavior observed for 69b/MAO 
supports the fact that the living behavior of 69a/MAO is not steric in nature 
illustrating another example in which ortho-fluorination appears beneficial for living 
polymerization. Employing 69a/MAO, a PE-block-aPP was synthesized through 
sequential monomer addition.
184
 Polymerization of ethylene in a living fashion 
followed by removal of excess monomer in vacuo and subsequent propylene 
polymerization furnished the diblock copolymer with Mn = 190,000 g/mol and Mw/Mn 
= 1.12.  
 
 
 
 
 
 
 
 
Figure 1.30. Bis(enaminoketonato)titanium catalysts for living olefin polymerization. 
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In addition to ethylene homopolymerization, the copolymerization of ethylene 
and norbornene by 68a-d/MMAO was also shown to possess some characteristics of a 
living polymerization.
183
 The polymers obtained from polymerizations conducted at 
25 °C displayed narrow molecular weight distributions (Mw/Mn = 1.07 – 1.54) with Mn 
= ca. 150,000 – 580,000 g/mol. The norbornene content ranged from 35.3 – 55.4 
mol%. At 25 °C, a linear increase in Mn with reaction time was demonstrated for 
68a/MMAO over the course of 20 minutes. Utilizing the living nature of the 68/MAO, 
a PE-block-poly(E-co-NB) block copolymer was prepared through sequential 
monomer addition. The diblock copolymer had a narrow polydispersity (Mw/Mn = 
1.38, Mn = 143,000 g/mol) and a norbornene content of 11.1 mol%. The 
copolymerization of ethylene and cyclopentene (CP) by 68a/MMAO and 68d/MMAO 
was also shown to possess some characteristics of living behavior.
185
 At temperatures 
from -10 – 30 °C, poly(E-co-CP)s with narrow molecular weight distributions (Mw/Mn 
= 1.23 – 1.82) were produced. Additionally, a PE-block-poly(E-co-CP) was prepared 
in a manner similar to the PE-block-poly(E-co-NB).  
Li and co-workers discussed the effects of further ligand modifications on the 
copolymerization behavior of bis(enaminoketonato)titanium catalysts.
186
 At 25 °C, 
70/MMAO (Figure 1.30) produced poly(E-co-NB) with narrow polydispersities 
(Mw/Mn = 1.18 – 1.31, Mn = ca. 200,000 – 570,000 g/mol) and norbornene content 
ranging from 44.6 – 47.8 mol%. The polymerization displayed a linear increase of Mn 
with time from t = 5 – 20 minutes.  
In addition to norbornene and cyclopentene, Li and co-workers found 68a and 
69a,c,d were active for the polymerization of ethylene and dicyclopentadiene upon 
activation with MAO at 25 °C.
187
 Depending on the monomer feed, the resultant 
polymers contained up to 47.7 mol% dicyclopentadiene with a nearly alternating 
structure. Over the course of twenty minutes, 68a/MAO (Scheme 1.11) produced a 
56 
copolymer with increasing molecular weights (Mn = 47,000 g/mol) while maintaining 
narrow polydispersities (Mw/Mn = 1.06 – 1.14). Analysis of the 
13
C NMR spectra 
revealed a copolymer containing only unreacted cyclopentene units suggesting the 
copolymerization proceeds through enchainment of the norbornene portion of the 
dicyclopentadiene exclusively. Utilizing sequential monomer addition, a PE-block-
poly(ethylene-alt-dicyclopentadiene) was produced. Characterization using atomic 
force microscopy (AFM) and transmission electron micrograph (TEM) revealed a 
microphase-separated material. Additionally, Li and co-workers were able to produce 
functionalized diblock copolymers through reaction of the remaining alkene. 
 
 
 
 
 
 
Scheme 1.11. Synthesis of ethylene/dicyclopentadiene block copolymers using 68a. 
 
1.3.15 Bis(phosphanylphenoxide)titanium Catalysts 
In 2006, Gibson and co-workers reported the synthesis of group 4 metal 
complexes (71a-f, Figure 1.31) featuring two bidentate ligands equipped with 
phenoxide and phosphine donors.
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 At 25 °C, 71a-f/MAO were found to be active for 
both the polymerization ethylene and propylene although polydispersities were 
broadened (Mw/Mn > 1.49). In subsequent report, Li and co-workers synthesized 71g,h 
and found 71g/MAO exhibited a nearly linear increase Mn over the first ten minutes of 
the ethylene polymerization.
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narrow molecular weight distributions (Mw/Mn = 1.31 – 1.33), indicative of at least 
quasi-living behavior.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.31. Bis(phosphanylphenoxide)titanium precatalysts for living olefin 
polymerization. 
 
To enhance the living nature of the system, Li and co-workers explored the 
copolymerization of norbornene and ethylene. Previous reports by Fujita have 
suggested that norbornene can be effective for the suppression of chain termination or 
chain transfer events common to olefin polymerizations.
197,199
 Indeed, Li and co-
workers found that the copolymerization of ethylene and norbornene by 71g/MAO 
resulted in polymers with narrow molecular weight distributions (Mw/Mn < 1.2) for 
norbornene incorporation of more than 10 mol%.
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norbornene. The resultant block copolymer exhibited high molecular weights (Mn = 
32,000 g/mol) and narrow molecular weight distributions (Mw/Mn = 1.17). 
 
1.3.16 Catalysts Supported by sp
2
 and sp
3
 Carbon Donors 
One of the more recent classes of catalysts to emerge are the C1-symmetric 
pyridylamidohafnium complexes (72, Figure 1.32) developed by Dow and Symyx that 
furnish high molecular weight and highly isoselective poly(!-olefin)s at high reaction 
temperatures upon activation.
190-192
 Coates and co-workers have shown that the 
catalyst derived from a Cs-symmetric pyridylamidohafnium complex (73, Figure 1.32) 
furnished isotactic poly(1-hexene) in a living fashion when activated with B(C6F5)3.
193
 
The poly(1-hexene)s exhibited  narrow polydispersities (Mw/Mn ! 1.20, Mn up to 
152,000 g/mol) and the Mn was shown to increase linearly with monomer conversion. 
At 50 °C, the molecular weight distribution of the polymer produced by 73/B(C6F5)3 
remains narrow suggesting that living behavior is maintained at elevated temperatures. 
 
 
 
 
 
 
 
 
Figure 1.32. Pyridylamidohafnium complexes. 
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molecular weight distribution (Mn = 68,600 g/mol, Mw/Mn = 1.05) at 20 °C.
193
 The 
mechanism of stereocontrol proceeded by an enantiomorphic site control mechanism, 
which is quite unusual for a Cs-symmetric catalyst. Detailed mechanistic studies with 
72 (Figure 1.32) by Froese et al.
191,194
 have shown the 1,2-insertion of an olefin into 
the Hf-CAryl bond generates an sp
3
-hybridized carbon donor atom that supports the 
active metal center; it is likely that the isoselectivity observed with 73/B(C6F5)3  
results from a similar activation mechanism. With this in mind, Coates and co-workers 
prepared a new pyridylamidohafnium complex (rac-74, Figure 1.33) supported by an 
sp
3
-carbon donor that was generated via insertion of a ligand-appended alkene into the 
neutral pyridylamidohafnium trimethyl precursor generating a mixture of 
diastereomers (61:39 ratio).
195
 Upon activation with B(C6F5)3, rac-74 furnished 
isotactic PP ([mmmm] = 0.80) with a narrow molecular weight distribution (Mw/Mn ! 
1.05, Mn up to 124,400 g/mol) and TOF of 2800 h
-1
. The Mn was shown to increase 
linearly with polymer yield over the course of 45 min. 
Coates and co-workers were able to further exploit the area of olefin 
polymerization catalysts supported by sp
3
-carbon donors through the synthesis and 
subsequent metallation of vinyl-appended phenoxyamine ligands.
196
 The resultant 
complexes of zirconium and hafnium (rac-75a and rac-75b, Figure 1.33) bearing six-
membered metallacycles were obtained as diastereo-isomeric mixtures resulting from 
migratory insertion of a benzyl group to the ligand appended vinyl group on the 
neutral phenoxyamine metal tribenzyl precursor. Upon activation, rac-75a,b formed 
highly active polymerization catalysts (TOF > 930 h
-1
) that isoselectively polymerized 
both 1-hexene and propylene. At 0 °C, rac-75b/B(C6F5)3 produced isotactic poly(1-
hexene) in a living fashion. Molecular weights (Mn = 70,000 – 240,000 g/mol) 
increased linearly as a function of conversion while polydispersities remained narrow 
60 
(Mw/Mn = 1.10 – 1.15). Living 1-hexene polymerization behavior was not observed for 
the zirconium analogue (rac-75a). 
 
 
 
 
 
 
 
Figure 1.33. Hafnium and zirconium precatalysts for living olefin polymerization. 
 
Despite its living nature for 1-hexene polymerization, living propylene 
polymerization behavior was not observed for the hafnium analogue (rac-75b), 
however, living isoselective polymerization of propylene was observed for the 
zirconium analogue (rac-75a). At 0 °C, rac-75a/B(C6F5)3 produced polypropylene 
with narrow polydispersities (Mw/Mn = 1.17 – 1.19) while molecular weights (Mn = 
60,000 – 220,000 g/mol) were observed to increase linearly with propylene yield. 
Utilizing the living nature of rac-75a, a diblock copolymer was synthesized by 
sequential monomer addition. The resultant iPP-block-poly(ethylene-co-propylene) 
had an Mn = 122,000 g/mol and a narrow molecular weight distribution (Mw/Mn = 
1.20).  
 
1.3.17 Aminopyridinatozirconium Catalysts 
In 2007, Kempe and co-workers described a zirconium catalyst supported by 
bis(aminopyridinato) ligands (76, Figure 1.34) that was living for ethylene 
polymerization at elevated temperature.
197
 Upon activation with [R2NMeH][B(C6F5)4] 
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(R = C16H33 – C18H37) in the presence of tetra-(2-phenyl-1-propyl)aluminoxane at 50 
°C, 76 furnished linear PE of high molecular weight (Mn = 1,745,000 – 2,301,000 
g/mol)  and narrow molecular weight distributions (Mw/Mn = 1.26 – 1.30). No 
evidence for !-H elimination or chain transfer was evident and continued chain 
growth was observed even after polymer precipitation. 
 
 
 
 
 
  
 
Figure 1.34. Aminopyridinatozirconium catalysts. 
 
1.3.18 Tris(pyrazolyl)borate Catalysts  
In 2008, Jordan and co-workers described tris(pyrazolyl)borate complexes (77, 
78 Figure 1.35) that displayed characteristics of living ethylene polymerization at low 
temperatures.
198,199
 In the presence of 40 equivalents of ethylene at -78 °C, 
77/[Ph3C][B(C6F5)4]  furnished linear PE with Mn = 2,000 g/mol that was in good 
agreement with Mn
theo
. No olefinic resonances were observed. Additionally, quenching 
with Br2 furnished double-end-capped PE featuring a benzyl group on one polymer 
chain end and bromine substituent on the opposite polymer chain end. Similar results 
were obtained with 78/[Ph3C][B(C6F5)4] in the presence of 38 equivalents of ethylene 
at -78 °C, however, observed molecular weights (Mn = 2,800 – 3,800 g/mol) were 
approximately three times higher than Mn
theo
. The authors attribute this apparent 
disparity to incomplete activation of the hafnium complex. Double-end-capped 
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polyethylene bearing benzyl and bromine substituents was also synthesized upon 
bromine quench of 78/[Ph3C][B(C6F5)4]. 
 
 
 
 
 
 
 
 
Figure 1.35. Tris(pyrazolyl)borate  and bis(dimethylamidopyridine)zirconium olefin 
polymerization catalysts. 
 
1.3.19 Bis(dimethylamidopyridine)zirconium Catalysts 
In 2009, Pellecchia and co-workers reported a new class of olefin 
polymerization catalysts bearing dianionic tridentate amidomethylpyridine ligands 
which exhibited some characteristics of living polymerization.
200
 Upon activation with 
Al
i
Bu2H/MAO, 79 (Figure 1.35) produced isotactic poly(1-hexene) ([mmmm] = 0.99) 
with narrow molecular weight distributions (Mw/Mn = 1.2). Furthermore, 
79/Al
i
Bu2H/MAO produced polypropylene lacking olefinic end groups with Mw = 
38,000 g/mol and Mw/Mn = 1.4. Activation of 79 with Al
i
Bu2H and 
[HNMe2Ph][B(C6F5)3] in the presence of ethylene resulted in linear PE with a narrow 
molecular weight distribution (Mw/Mn = 1.2).  
 
1.4 Non-Group 4 Early Metal Polymerization Catalysts 
While complexes of Group 4 transition metals dominate the field of living 
olefin polymerization, there are rare examples of group 3 complexes displaying 
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characteristics of living behavior. In 2005, Ward et al. reported the synthesis and 1-
hexene polymerization behavior of a unique C3-symmetric scandium complex bearing 
a tripodal trisoxazoline ligand.
201
 When treated with two equivalents of 
[Ph3C][B(C6F5)4] at -30 °C in the presence of 1-hexene, 80 (Figure 1.36) produced 
isotactic poly(1-hexene) ([mmmm] = 0.90) lacking olefinic end groups with Mn = 
750,000 g/mol and Mw/Mn = 1.18. 
 
 
 
 
 
 
 
Figure 1.36. Non-group 4 early metal olefin polymerization catalysts. 
 
 In addition to 1-hexene, living ethylene polymerization has been reported for 
non-group 4 early metal catalysts. In 1985, Marks and co-workers showed that 
organolanthanide complexes were promising for living ethylene polymerization.
202
 
The dimeric bis(Cp*) hydride complexes (81a-c, Figure 1.36) furnished high 
molecular weight PEs (Mn = 96,000 – 648,000 g/mol) and molecular weight 
distributions were for the most part lower than 2.0 (e.g. 81c exhibited Mw/Mn = 1.37 – 
1.68). The living nature of 81a-c is further supported by observations that catalytic 
activity is maintained for up to two weeks, Mn increases with time, and the number of 
polymer chains per metal center is consistently less than one. 
In 2005, Nomura and co-workers reported that arylimido(aryloxo)vanadium 
dichloride complex 82 (Figure 1.37) activated with Et2AlCl exhibited characteristics 
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64 
of living ethylene polymerization.
203
 At 0 °C, the PE produced had a narrow molecular 
weight distribution (Mw/Mn = 1.42) and high molecular weight (Mn = 2,570,000 
g/mol). Additionally, the Mn was shown to increase in a linear fashion with increasing 
TON. In addition to living ethylene polymerization, the ability of 82/Et2AlCl was 
reported to catalyze the quasi-living copolymerization of ethylene and norbornene.
203
 
At 0 °C, poly(E-co-NB) with 5.1 – 39.9 mol% norbornene content was obtained from 
82/Et2AlCl. The polymers exhibited narrow molecular weight distributions (Mw/Mn = 
1.29 – 1.73) and high molecular weights (Mn = 327,000 – 2,570,000 g/mol).  
 
 
 
 
 
 
 
Figure 1.37. Vanadium and yttrium polymerization catalysts. 
 
Upon investigating the ethylene polymerization behavior of 
dialkyl(benzamidinate)yttrium complexes, Hessen and co-workers reported that at 
least some characteristics of living behavior were observed.
204
 When treated with 
[PhNMe2H][B(C6F5)4], 83 (Figure 1.37) furnished PE that displayed narrow molecular 
weight distributions (Mw/Mn = 1.1 – 1.2) and high molecular weights (Mw = 430,000 – 
1,269,000 g/mol) with about 1.1 polymer chains per metal center being produced.  
While studying a series of Group 5 catalysts, Nakamura and co-workers 
reported on the synthesis and ethylene polymerization behavior of 
cyclopentadienyl(!
4
-diene)tantalum complexes.
205
 Upon activation with MAO at 
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65 
temperatures of -20 °C or below, compounds 84a, 85a and 86 (Figure 1.38) furnish 
PEs with narrow molecular weight distributions (Mw/Mn ! 1.4, Mn = 8,600 – 42,900 
g/mol). Below -20 °C, ethylene polymerization by 85a/MAO displayed a linear 
increase of Mn with increasing reaction time. The activity for ethylene polymerization 
was shown to depend on the substitution pattern of the !
4
-diene ligand with the 
highest activity being obtained in the case where 2,3-dimethyl-1,3-butadiene is used 
(85b); the lowest when isoprene is employed (85c).
206
 When activated with MAO, the 
analogous niobium complexes (87a-d, Figure 1.38) were also shown to behave as 
living ethylene polymerization catalysts up to 20 °C (Mw/Mn = 1.05 – 1.30, Mn = 5,100 
– 105,400 g/mol).
207
 The dependence of activity on the !
4
-diene ligand employed 
mirrored that observed for the analogous tantalum compound 
 
 
 
 
 
 
 
Figure 1.38. Group 5 olefin polymerization catalysts.  
 
Finally, Theopold and co-workers investigated chromium complexes bearing 
2,4-pentane-N,N’-bis(aryl)ketiminato ((Ar)2nacnac) ligands for ethylene 
polymerization.
208
 At room temperature in the presence of ethylene, 88 (Figure 1.39) 
formed linear PE with narrow molecular weight distributions (Mw/Mn = 1.17 – 1.4). 
The Mn was shown to increase linearly with polymer yield. These results represented 
the first report of living ethylene polymerization with a chromium-based catalyst. 
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Figure 1.39. Non-group 4 olefin polymerization catalysts. 
 
1.5 Rare-Earth Metal Catalysts 
In addition to early metal catalysts, several living rare-earth metal catalysts 
have been reported. In 2008, Tritto and co-workers described the copolymerization of 
ethylene with norbornene catalyzed by rare-earth metal half sandwich complexes 89a-
d (Figure 1.39).
209
 Upon activation, 89a,b/[Ph3C][B(C6F5)4] showed excellent 
activities for the copolymerization of ethylene and norbornene. Specifically, 
89b/[Ph3C][B(C6F5)4] furnished poly(E-co-NB) with 29 – 42 mol% norbornene. Over 
3 minutes, a linear increase in molecular weight (Mn = 100,000 – 250,000 g/mol) was 
observed while a narrow molecular weight distribution (Mw/Mn = 1.22 – 1.35) was 
maintained. At room temperature with [Ph3C][B(C6F5)4], the yttrium analog (89c) 
displayed poor activity for ethylene norbornene copolymerization and the lutetium 
analog (89d) was inactive for the polymerization. 
Utilizing [ SmMe(THF)] and [ SmH]2 (90 and 91, Figure 1.40), Yasuda 
and co-workers described the synthesis of block copolymers containing polyethylene 
(insertion mechanism) with several polar monomers (non-insertion mechanism) such 
as MMA, methyl acrylate (MA), ethyl acrylate (EA), d-valerolactone (VL), and e-
caprolactone (CL) via sequential addition.
210
 Ethylene was first polymerized (Mw/Mn = 
1.39 – 2.01, Mn = 6,600 – 27,000 g/mol) followed by addition of the respective polar 
monomer to form a diblock copolymer, however, reversal of monomer addition led to 
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no block copolymer formation. Thus a PE-block-PMMA, PE-block-PMA, PE-block-
PEA, PE-block-PVL, and PE-block-PCL were synthesized and showed good material 
properties such as deep coloration with dyes. In a later report, the structurally related 
92 (Figure 1.40) was also shown to be a viable block copolymerization catalyst for 
ethylene, MMA, and CL.
211
 Furthermore, Yasuda and co-workers reported on the 
synthesis of diblock copolymers poly(1-pentene)/poly(1-hexene) and PMMA/PCL 
using the structurally similar bridged Cp–bearing yttrium and samarium catalysts 93 
and 94 (Figure 1.40) via sequential monomer addition.
212
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.40. Rare-earth metal olefin polymerization catalysts. 
 
It had been previously shown that Cp2
*
Sm is active for ethylene 
homopolymerization involving coordination of ethylene by two Sm
II
 centers followed 
by electron transfer to form a telechelic initiator (Scheme 1.12).
213
 Yasuda and co-
workers cleverly applied this observation to the synthesis of triblock copolymers of 
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ethylene and polar monomers.
214
 Thus, triblock copolymers of PMMA-block-PE-
block-PMMA, PCL-block-PE-block-PCL, and PDTC-block-PE-block-PDTC (PDTC = 
poly(2,2-dimethyltrimethylene carbonate)) were prepared through sequential monomer 
addition with 95 and 96 (Figure 1.40).  
 
 
 
 
Scheme 1.12. Formation of a telechelic initiator for ethylene polymerization. 
 
1.6 Late Metal Olefin Polymerization Catalysts 
1.6.1 Nickel and Palladium !-Diimine Catalysts 
In the mid 1990s, Brookhart and co-workers reported the synthesis and olefin 
polymerization activity of !-diimine complexes of nickel and palladium.
215
 These 
systems were unique among late metal catalysts in their ability to produce high molar 
mass materials, rather than oligomers, from both ethylene and higher !-olefins. 
Furthermore, the metal centers were shown to migrate along polymer chains (“chain 
walking”),
216
 allowing access to polyolefins with a wide variety of microstructures 
simply by varying ligand substitution patterns, temperature, or pressure. Shortly after 
the initial reports, conditions were disclosed which allowed the nickel catalysts 97 and 
98 (Figure 1.41) to polymerize 1-hexene and 1-octadecene in a living fashion.
217
 Upon 
activation with MAO or MMAO at -10 °C and low monomer concentrations, 97 and 
98 resulted in living systems furnishing polymers of Mn = 19,000 to 91,000 g/mol and 
narrow molecular weight distributions (Mw/Mn as low as 1.09). The systems were also 
shown to exhibit a linear increase in Mn with time. Branching density was less than 
that calculated for perfect sequential 1,2-insertions as a result of ",1-enchainment, or 
Sm SmCp*2Sm2 +
69 
“chain straightening”.
218
 Poly(1-hexene) with as few as 118 branches/1000 carbons 
(vs. 167 expected for perfect 1,2-insertions) and poly(1-octadecene) with as few as 39 
branches/1000 carbons (vs. 56 expected) were produced -10 °C. Branching density 
was controlled by reaction conditions and catalyst structure, with 98 producing more 
linear polymers than 97. Studying several palladium and nickel complexes, Merna et 
al.
219,220
 reported living 1-hexene polymerization behavior with 97/MAO and 
99/MAO. These values are considerably more narrow than those reported by 
Brookhart for similar reactions at 23 °C, although the reason for the improvement is 
not clear.  
 
 
 
 
 
 
 
Figure 1.41. Nickel !-diimine precatalysts for olefin polymerization. 
 
A siloxy-substituted analogue of 97 (100, Figure 1.41) was synthesized by 
Marques, Gomes and co-workers
221
 who studied its application for the living 
polymerization of 1-hexene at -11 °C and up to 16 °C. At the higher temperature, the 
polydispersity increases somewhat (Mw/Mn = 1.12 – 1.21), and the increase in 
molecular weight is only linear for the first 40 minutes. In addition, the polymer has a 
different microstructure, with branching greatly decreased at 16 °C relative to -10 °C 
(83 vs. 132 branches/1000 carbons, respectively).
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 Utilizing a structural variant of 97 featuring a cyclophane diimine ligand (101, 
Figure 1.42), Camacho and Guan reported the first living polymerization at elevated 
temperatures with nickel.
222
 When activated with MMAO, 101 furnished poly(1-
hexene)s with narrow molecular weight distributions (Mw/Mn = 1.13 – 1.22) up to 75 
°C and branching densities (52-58 branches/1000 carbons) approximately one-half of 
those reported for 97. The authors attribute the improved behavior to the cyclophane 
framework which very effectively blocks the axial sites of the nickel center preventing 
chain transfer. 
 
 
 
 
 
 
 
Figure 1.42. Nickel !-diimine olefin polymerization catalysts. 
 
Coates and co-workers employed the chiral, C2-symmetric nickel diimine 
complex 102 (Figure 1.42) to control polymer microstructure for living polymerization 
of !-olefins.
223
 A hallmark of the original nickel diimine catalysts is the ability to 
undergo successive "-hydride eliminations/reinsertions, commonly referred to as 
“chain walking”.
21
 This may lead to “chain straightening” with !-olefins, generating 
regioirregular polymers with less branching than expected. Careful tailoring of 
reaction conditions (low temperatures and high monomer concentration) with catalyst 
102 generates high selectivity for #,2-enchainment, generating predominantly methyl 
branches at regular intervals between methylene units (illustrated for 1-hexene in 
102
NN
Ni
Br2
101
NN
Ni
Br2
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Scheme 1.13). The technique is applicable to a range of !-olefins, but selectivity for 
",2-enchainment was shown to decrease with increasing chain length (96 mol% ",2-
enchainment for 1-butene vs. 70% for 1-octene).  
  
 
 
 
 
 
Scheme 1.13. !,1 and !,2-enchainment of 1-hexene. 
 
Suzuki et al. have explored !-diimine complexes of both nickel and palladium 
(103a-e, Figure 1.43) for the polymerization of 1-hexene at very high pressures (up to 
750 MPa).
224
 While nickel catalysts displayed non-living behavior, the palladium 
catalysts 103d,e (Figure 1.43) were living for 1-hexene polymerization and 
polydispersities decreased at higher pressures (Mw/Mn = 1.27 – 1.29 at 0.1 MPa vs. 
1.11 – 1.17 at 500 MPa with 103e). 
 
 
 
 
 
 
 
 
Figure 1.43. Nickel and palladium olefin polymerization precatalysts. 
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Using diimine complexes of palladium, Gottfried and Brookhart have 
demonstrated conditions which allow for living polymerizations of 1-hexene and 1-
octadecene at 0 °C where quenching with Et3SiH is required to prevent chain 
coupling.
225
 Relative to 104b, catalyst 104a (Figure 1.44) exhibited improved living 
behavior for 1-hexene polymerization. This was attributed to the ability of the nitrile 
donor to compete with 1-hexene for the open coordination site in 104b. Over the 
course of 3 hours, both 104a and 104b showed a linear increase in Mn with time and 
furnished poly(1-hexene)s with narrow molecular weight distributions (Mw/Mn = 1.10 
– 1.15) and branching densities of 75-85 branches/1000 carbons. Catalyst 104b was 
likewise applied to the living polymerization of 1-octadecene. The Mn was observed to 
increase linearly over the first 3 h at 0 °C, however, the molecular weight distribution 
increased as well (Mw/Mn = 1.34 after 3 h). This was attributed to precipitation of the 
polymer at this temperature, which also limits the accessible molecular weights to 
~40,000 g/mol. Sen and co-workers reported on a structurally similar diimine 
palladium complex to 104a bearing a five-membered ester chelate arising from 1,2-
insertion of methyl methacrylate into the cationic palladium precursor (104c, Figure 
1.27).
226
 Over the course of 22 hours, catalyst 104c displayed “quasi-living” behavior 
for 1-hexene polymerization showing an increase in Mn with time.  
 
 
 
 
 
 
 
Figure 1.44. Palladium precatalysts for olefin polymerization. 
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It was also discovered that addition of carbon monoxide (CO) in the presence 
of 1-hexene and 104c afforded an alternating copolymer. Taking advantage of this, a 
poly(1-hexene)-block-poly(1-hexene-alt-CO) diblock copolymer was made through 
sequential monomer addition. Similarly, a PE-block-poly(ethylene-alt-CO) diblock 
copolymer was also synthesized through sequential monomer addition.  
In addition to 1-hexes, !-diimine complexes of nickel were the first late 
transition metal catalysts reported for the living polymerization of propylene.
215
 Upon 
activation with MMAO at –10 °C, catalyst 97 (Figure 1.41) afforded PP with a narrow 
molecular weight distribution (Mw/Mn = 1.13; Mn = 160,000 g/mol) and Mn was shown 
to increase linearly with conversion. The material obtained had 159 branches/1000 
carbons, far less than the theoretical value of 333 for sequential 1,2-insertions, which 
was attributed to chain straightening. As branching decreased, Tg values decreased as 
well (as low as -55 °C), illustrating the dramatic effects of enchainment mechanism on 
physical properties. 
 
 
 
 
 
 
 
 
Scheme 1.14. Synthesis of 1-octene/propylene triblock copolymers using 98/MAO. 
 
Brookhart and co-workers demonstrated the living nature of nickel catalysts 97 
and 98 (Figure 1.41) with the synthesis of well-defined di- and triblock copolymers of 
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217
 At -15 °C, activation of 97 with MAO followed by sequential addition of 
monomers afforded PP-block-poly(1-hexene) with monomodal, narrow molecular 
weight distributions (Mw/Mn = 1.11 – 1.13), which exhibited less branching than 
predicted, due to partial chain-straightening. Triblocks were prepared by activation of 
97 or 98 with MMAO at -10 °C followed by reaction with 1-octadecene to afford a 
semicrystalline, chain-straightened block as observed in homopolymerizations with 
that monomer. Sequential addition of propylene resulted in poly(1-octadecene)-co-PP, 
which was followed by formation of a third poly(1-octadecene) block as propylene 
was removed (Scheme 1.14). The resultant materials exhibited elastomeric properties 
as expected based on the “hard-soft-hard” triblock structure of the polymers.  
Living polymerization of propylene was also achieved by Marques and Gomes 
with 100 (Figure 1.41).
221
 At -11 °C, 100/MAO produced PP with narrow molecular 
weight distribution (Mw/Mn = 1.17 – 1.19) and a nearly linear increase in molecular 
weight over 2 hours. Minimal chain-straightening was observed (316 branches/1000 
carbons) and the polymer was moderately syndioenriched ([rr] = 0.54). Exploiting the 
living nature of 100, di- and triblock copolymers were synthesized.
221
 At -15 °C, 
100/MAO polymerized propylene and generated a syndio-rich polypropylene block. 
Following removal of excess monomer under vacuum, addition of 1-hexene at the 
same temperature generated a diblock copolymer with Mw/Mn = 1.18 and Mn = 46,400 
g/mol. Triblocks were produced with this catalyst in a similar fashion. Polymerization 
of 1-hexene first, followed by introduction of propylene (with 1-hexene still present), 
followed by venting and then allowing the residual 1-hexene to react allowed for 
formation of a shorter (Mn = 31,100 g/mol) ABA triblock copolymer, with the middle 
block composed of poly(propylene-ran-(1-hexene)). 
The cyclophane Ni catalyst 101 (Figure 1.42) was employed by Guan and co-
workers in a dramatic demonstration of propylene chain-straightening.
222
 At 
75 
temperatures up to 50 °C, 101/MAO showed good activity for propylene 
polymerization, with narrow molecular weight distributions (Mw/Mn = 1.06 – 1.16). In 
addition, Mn was shown to increase linearly with time at 50 °C. The PPs contain 104 – 
113 branches/1000 carbons, indicative of extensive chain-straightening. This implies 
that the cyclophane ligand geometry favors a 2,1-insertion mechanism.  
 
 
 
 
 
 
 
 
Scheme 1.15. Synthesis of propylene-based block copolymers using 102/MAO. 
 
 Utilizing the chiral, C2-symmetric nickel complex 102 (Figure 1.42), Coates 
and co-workers polymerized propylene in a living fashion at temperatures up to 22 °C 
in the presence of MAO, with a narrow distribution of molecular weights (Mw/Mn ! 
1.11).
227
 Both the regio- and stereocontrol of enchainment are temperature dependent, 
allowing access to a wide variety of polymer microstructures from a single monomer. 
At low temperatures (-78 °C), no chain straightening is observed furnishing highly 
isotactic PP, but the percentage of 3,1-enchainment increases up to 56.2% at 22 °C 
producing an amorphous and regioirregular PP. Uniquely, this catalyst has ability to 
maintain living behavior at a variety of temperatures, but with variable tacticity and 
levels of chain-straightening. Utilizing this temperature dependence, 102/MAO was 
used to synthesize regioblock PPs having good elastomeric properties.
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triblock and pentablock copolymer were synthesized by simply varying the reaction 
temperature during the course of the polymerization (Scheme 1.15). For example, an 
iPP-block-rirPP-block-iPP (Mn = 109,000 g/mol, Mw/Mn = 1.14) and iPP-block-rirPP-
block-iPP-block-rirPP-block-iPP (Mn = 159,000 g/mol, Mw/Mn = 1.39) pentablock 
copolymer were prepared by toggling the reaction temperature between -60 and 0 °C. 
Transmission Electron Microscopy (TEM) revealed no microphase separation. 
However, the pentablock copolymer exhibited an exceptional strain to break of 2400% 
and good elastomeric recovery out to strains of 1000%. 
In an attempt to obtain higher regio- and isoselectivity at low reaction 
temperatures, Coates and co-workers introduced new chiral, C2-symmetric nickel 
diimine complexes featuring cumyl-derived ligands.
29
 Each of the complexes (105a-f, 
Figure 1.45) exhibited higher regioselectivity than 102 at -60 °C in the presence of 
MAO. Of the complexes studied at -78 °C, 105f furnished isotactic PP with the 
highest melting temperature (Tm = 149 °C). In addition, a linear increase in Mn with 
polymer yield is observed at 0 °C. Regioblock polypropylenes were produced with 
105f/MAO that exhibited improved elastomeric performance at elevated temperatures 
(e.g., 65 °C) over block copolymers synthesized with 102/MAO.
29
 
 
 
 
 
 
Figure 1.45 Nickel !-diimine catalysts derived from cumyl-based ligands. 
 
Using Pd complexes containing diimine ligands (104b, Figure 1.44) at 0 °C, 
Gottfried and Brookhart observed a relatively linear increase in polypropylene Mn with 
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time up to approximately 40,000 g/mol.
225
 However, living systems were not obtained 
when the palladium ester chelate catalyst 104a was employed due to slow initiation 
relative to propagation. This initiation problem could be circumvented utilizing 104b 
because the weakly bound nitrile group is more easily displaced by propylene. 
Consistent with previous results, PPs generated by this catalyst are chain-straightened, 
containing approximately 253 branches per 1000 carbons. 
In addition to propylene and higher !-olefins, ethylene polymerization 
behavior has been investigated using late metal catalysts. First-generation nickel !-
diimine catalysts such as 97 (Figure 1.41) do not polymerize ethylene in a living 
fashion due to relatively facile chain transfer. Rieger and co-workers have investigated 
modifications of this framework to prevent chain transfer by enhancing the steric bulk 
about the metal center.
228
 When 106 (Figure 1.46) was activated with MAO at ambient 
temperature, molecular weight distributions were decreased markedly (Mw/Mn as low 
as 1.3) for short reaction times and ultra-high molecular weight (> 4,500,000 g/mol), 
highly linear PE was produced. 
 
 
 
 
Figure 1.46. Nickel !-diimine precatalysts for olefin polymerization. 
 
Further investigating ethylene polymerization behavior with this class of 
catalysts, Guan and co-workers extended the study of hindered diimine catalysts with 
cyclophane complex
 
101 (Figure 1.42).
229
 Upon activation with MMAO, 101 is highly 
active for production of branched PEs (66-97 branches/1000 carbons) with relatively 
narrow polydispersities (Mw/Mn as low as 1.23 at 50 °C). Most significantly, these 
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catalysts exhibit impressive thermal stability, with good activities even up to 90 °C. 
However, the polydispersity increases, and the activities decrease somewhat at higher 
temperatures. Interestingly, a related alkyl cyclophane Ni complex demonstrated 
almost no activity for ethylene polymerization.
230
 
 
 
 
 
 
 
 
 
Figure 1.47. Nickel complexes bearing fluorinated cyclophane ligands. 
 
In a subsequent report, Guan and co-workers found a significant effect on 
polymer properties and reactivity upon fluorination of the cyclophane ligand (107, 
Figure 1.47).
231
 The fluorinated nickel complex (107) showed improved thermal 
stability relative to its non-fluorination counterpart (101). After 70 minutes at 105 °C, 
107/TIBA produced high molecular weight PE (Mn = 190,000 g/mol) with a unimodal 
molecular weight distribution (Mw/Mn = 2.7). The palladium complex bearing the 
fluorinated cyclophane (108, Figure 1.47) was observed to produce higher molecular 
weight polymer than variations of the catalyst containing non-fluorinated ligands. 
Upon activation with TIBA at 35 °C, 108 yielded PE with a narrow polydispersity 
(Mw/Mn = 1.3) and high molecular weight (Mn = 264,000 g/mol). Both the nickel (107) 
and palladium (108) complexes exhibited a significant decrease in chain branching 
compared to their non-fluorinated counterparts. The authors postulate that the fluorine 
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atom stabilizes the electrophilic metal center through electron donation. This type of 
stabilization is well known in early-metal polymerization systems, but this report 
represents the first example of positive fluorine interactions in late-metal olefin 
polymerization. 
 
 
 
 
 
 
 
Scheme 1.16. Synthesis of telechelic polyethylene. 
 
To achieve living polymerization of ethylene with palladium catalysts 104a 
and 104b (Figure 1.44), Brookhart and co-workers demonstrated that specific reaction 
conditions, particularly quenching reactions with Et3SiH to prevent chain coupling, 
were crucial.
232
 At 5 °C, highly branched (~100 branches / 1000 carbons), amorphous 
PEs with very narrow molecular weight distributions (Mw/Mn < 1.1) were produced, 
and Mn was shown to increase linearly over at least 6 hours. At 27 °C, Mn of 237,000 
g/mol could be obtained in 2 hours with broadened molecular weight distributions 
(Mw/Mn = 1.19). To ensure rapid initiation of 104a, high pressures of ethylene (400 
psig) were required to displace the chelated carbonyl group, which is retained in the 
highly branched PE product. Compound 104b exhibited similar activity at high 
pressures, while also yielding polymers with relatively narrow polydispersities 
(Mw/Mn = 1.15 at 5 °C) at 1 atm ethylene. A telechelic polymer could be produced 
with 104a by addition of alkyl acrylates before the silane quench.
225
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one insertion into the growing chain, forming stable chelates, but do not insert further, 
allowing for clean end-functionalization to generate polymers with two distinct ester 
end groups. Additionally, aldehyde end groups could be generated by quenching with 
4-penten-1-ol. The vinyl group inserts, followed by Pd migration down the chain, and 
finally !-hydride elimination to generate the difunctional polymers shown in Scheme 
1.16. 
Given that palladium diimine catalysts produce highly branched, amorphous 
materials with ethylene, and produce semicrystalline polymers from long chain "-
olefins via a “chain straightening” mechanism, copolymers containing these two 
segments are an attractive goal. Gottfried and Brookhart investigated this block 
copolymer synthesis in detail.
225
 Using 104b (Figure 1.44), block copolymers of 
ethylene and 1-octadecene were prepared by opposite orders of addition to furnish PE-
block-poly(1-octadecene) and poly(1-octadecene)-block-PE. In all cases, materials 
with narrow molecular weight distributions were obtained (Mw/Mn = 1.06 – 1.22). 
Depending on the order of monomer addition, the copolymer microstructures differed. 
When ethylene was introduced first, the number of ethyl and propyl branches 
decreases substantially relative to the case where 1-octadecene is added first. 
 
 
 
 
 
 
 
 
Figure 1.48. POSS supported palladium complex. 
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Extending the study of 104a, Ye and co-workers modified the palladium ester 
chelate by immobilization on a polyhedral oligomeric silsesquioxane (POSS) support 
(109, Figure 1.48) which furnished POSS end-functionalized PEs.
233
 The Mn was 
shown to increase linearly with time. In a subsequent report, Ye and co-workers 
immobilized the palladium ester chelate on silica nanoparticles as a versatile surface-
initiated living ethylene polymerization technique for grafting from silica 
nanoparticles.
234
 After cleavage of the PE brushes from the silica nanoparticles, the 
polymers were found to possess narrow PDIs (Mw/Mn ~ 1.18). 
 
 
 
 
 
 
 
 
 
 
Figure 1.49. Trinuclear palladium olefin polymerization catalyst.  
 
Utilizing a triacrylate, Subramanian and co-workers synthesized a trinuclear 
palladium !-diimine catalyst (110, Figure 1.49) for the production of star PE.
235
 At 5 
°C in the presence of ethylene, 110 produced three-arm star polymers with narrow 
molecular weight distributions (Mw/Mn = 1.05 – 1.12) and molecular weights (Mn = 
32,000 – 135,000) that increased over the course of five hours. Cleavage of the star 
polymer revealed arm molecular weights (Mn = 11,000 - 44,000 g/mol) that were 
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approximately three times smaller than the corresponding star polymer. Analysis of 
the intrinsic viscosity of the polymer was consistent with star polymers exhibiting 
more compact chain conformation. 
To synthesize graft copolymers, Brookhart and Matyjaszewski combined 
living insertion polymerization with living ATRP (Atom Transfer Radical 
Polymerization) techniques. Palladium diimine chelate complexes have been 
previously used for living polymerization of ethylene, affording end-functionalized, 
branched polyethylenes.
236
 Catalyst 111 (Scheme 1.17) builds on this strategy by 
appending an acrylate ester forming a PE macromonomer that was incorporated into a 
living ATRP polymerization of n-butyl acrylate to generate poly(n-butyl acrylate)-
graft-PE. Graft copolymers of moderate molecular weight (Mn = up to 115,000 g/mol) 
were obtained with approximately 4-5 grafts per chain and relatively narrow molecular 
weight distribution (Mw/Mn as low as 1.4). 
 
 
 
 
 
 
 
 
Scheme 1.17. Graft copolymer synthesis using living insertion and ATRP. 
 
Combining living insertion polymerization with living ATRP techniques, Ye 
and co-workers to generated block copolymers with a functionalized palladium 
diimine catalyst.
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 Catalyst 112 (Scheme 1.18) appended with bromo-functionality 
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forms a PE macroinitiator that was incorporated into a living ATRP polymerization of 
n-butyl acrylate or styrene to generate poly(n-butyl acrylate)-block-PE and PS-block-
PE diblock copolymers (Scheme 1.18). 
 
 
 
 
 
 
 
 
 
 
Scheme 1.18. Synthesis of PE-block-poly(n-butylacrylate) and polystyrene diblock 
copolymers. 
 
To generate a series of poly(E-co-P) comb polymers, Coates and co-workers 
have polymerized poly(E-co-P) macromonomers.
238
 Using a non-living titanium 
bis(phenoxyimine) catalyst (113 ,Scheme 19) poly(E-co-P) macromonomers featuring 
one unsaturated chain end were synthesized. The monomers contained a mixture of 
allyl (polymerizable) and propenyl (unpolymerizable) end groups. The 
macromonomers were then homopolymerized using a living nickel diimine catalyst, 
97/MAO (Figure 1.26, Scheme 1.19), to generate poly(E-co-P) comb polymers 
featuring approximately  7 to 14 arms/molecule after fractionation from the 
unpolymerizable residual macromonomer;  these values correspond well to the 
theoretical values based on reaction stoichiometry. The molecular weight distributions 
remained relatively low (Mw/Mn = 1.51 – 1.90, Mn =  74,000 – 209,000 g/mol). 
Beyond unfunctionalized olefins, 97 is also capable of polymerizing olefin 
monomers that incorporate polar functional groups. Copolymers of polar monomers 
Br
O
O
O
O
CH3
x
y z n
O
O
ATRP
100 °C, toluene
CuBr/PMDETA
Initiator
112
iPr
iPr
iPr
iPrPd
+
N N
O
O
O
O
Br
SbF6
-
O
O
O
O
CH3
x
y z n
OO
m
ATRP
100 °C, toluene
CuBr/PMDETA
Initiator
O
O
O
O
CH3
x
y z nm
84 
with olefins are attractive due to enhanced physical properties such as biocompatibility 
and ease of processing.
36
 Coates and co-workers synthesized polyolefin elastomers by 
addition of small amounts of ureidopyrimidinone (UP) functionalized hexene to 
polymerizations of 1-hexene.
239
 Nickel catalyst 97/Et2AlCl (Figure 1.41) was used, 
exploiting the dual ability of Et2AlCl to activate the nickel center and to protect the 
Lewis basic nitrogen functional groups. Polymers incorporating ~2% UP-
functionalized monomer were obtained with narrow molecular weight distributions 
(Mw/Mn = 1.2 – 1.4). The resultant polymers exhibited reversible, non-covalent 
crosslinking through hydrogen bonding interactions, and thus have elastomeric 
properties at room temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.19. Synthesis of poly(E-co-P) combs. 
 
In addition to simple linear !-olefins, Osakada and co-workers reported the 
polymerization of a number of 1,6-dienes catalyzed by palladium complexes to afford 
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polymers with trans-1,2-disubstituted five-membered rings.
240
 In a subsequent report, 
114/NaBArF4 was shown to polymerize 5-allyl-5-crotyl-2,2-dimethyl-1,3-dioxane in a 
living fashion (Scheme 1.20).
241
 A linear increase in Mn with monomer conversion 
was demonstrated with molecular weight distributions remaining relatively narrow 
(Mw/Mn = 1.20 – 1.24). Later, Osakada and co-workers reported that 97/MMAO was 
capable of polymerizing 9,9-diallylfuorene (Scheme 1.20) yielding a polymer with Mn 
= 6,100 g/mol and Mw/Mn = 1.36 after three hours.
242
 The resultant polymer contained 
predominately six-membered rings with cis geometry as evidenced by 
13
C NMR 
spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.20. Polymerization of dienes using 114/NaBArF4 and 97/MMAO. 
 
The copolymerization of ethylene and diethyl diallylmalonate was investigated 
by Liu and co-workers in 2009 using 115 (Figure 1.50).
243
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walking, ethylene homopolymerization produces polymer with a hyperbranched 
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structure. Incorporation of the diethyl diallylmalonate reduces the amount of 
branching in the polymer produced because the catalyst is unable to chain-walk 
through the resultant five-membered ring. At 35 °C, 115 produced PE containing 97 
branches per 1000 carbons with Mw = 78,000 g/mol and a narrow molecular weight 
distribution (Mw/Mn = 1.44). Upon incorporation of diethyl diallylmalonate (0.40 M), 
molecular weight (Mw = 25,000 g/mol) and polydispersity (Mw/Mn = 1.202) decreased 
along with branch density, which was reduced to 81 per 1000 carbons. Therefore, 
polymer topology can be tuned from hyperbranched to linear as a function of diethyl 
diallylmalonate incorporation. 
 
 
 
 
 
 
Figure 1.50. Palladium catalysts for olefin polymerization. 
 
Finally, Kaminsky and Kiesewetter applied a combinatorial screening 
approach to identify catalysts for the copolymerization of norbornene with ethylene.
244
 
Catalysts 116a and 116b (Figure 1.50) were identified and furnished poly(E-co-NB) 
with 9-62 mol% norbornene incorporation and relatively narrow molecular weight 
distributions (Mw/Mn as low as 1.4) indicating “quasi-living” behavior.  
 
1.6.2 Nickel !-Keto-"-Diimine Catalysts 
Bazan and co-workers recently described the synthesis and olefin 
polymerization behavior of a nickel !-keto-"-diimine complex.
245,246
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activation of 117 (Figure 1.51) with MAO in the presence of 1-hexene furnished 
atactic poly(1-hexene) possessing Mn = 157,000 g/mol and Mw/Mn = 1.2. Over the 
course of 120 minutes, molecular weights of the polymers obtained from the 
polymerization were observed to increase while polydispersities remained narrow. 
Microstructural analysis of the polymer by 
13
C NMR spectroscopy revealed mainly 
butyl (81.9%) and methyl (12.0%) branches; signatures arising from 2,1-insertions 
were not detected.  
 
 
 
 
 
Figure 1.51. Nickel-!-keto-"-diimine olefin polymerization catalysts. 
 
 In addition to polymerizing 1-hexene in a living fashion, Bazan and co-
workers reported that 117/MAO (Figure 1.51) was living for propylene 
polymerization.
245,246
 At 0 °C, 117/MAO furnished high molecular weight PP (Mn = 
138,000 g/mol) with narrow polydispersity (Mw/Mn = 1.1). Over the course of 120 
minutes, molecular weights of the polymers obtained from the polymerization 
increased while molecular weight distributions remained narrow. Analysis of the 
resultant polymers showed no evidence of 2,1-insertions. The material is best 
described as an ethylene-propylene copolymer, however, observed propylene 
sequences are moderately isotactic ([m] = 0.77). 
 Bazan and co-workers have also shown that 117/MAO (Figure 1.51) is living 
for ethylene polymerization.
245,246
 At 10 °C, 117/MAO produces branched PE (19 
branches/1000 carbons) with Mn = 260,000 g/mol and Mw/Mn = 1.1. Due to the small 
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amount of branching, the PE exhibits a Tm = 122 °C. At 32 °C, high molecular weight 
(Mn = 1,112,000 g/mol) branched PE (47 branches/1000 carbons) is obtained with a 
slightly broadened polydispersity (Mw/Mn = 1.3). The carbonyl functionality leads to 
an increase in activity of approximately two orders of magnitude for ethylene 
polymerization over the analogous !-diimine catalyst (118, Figure 1.51) with no 
carbonyl functionality. The increase in reactivity was attributed to the attachment of a 
Lewis acid (from the aluminum cocatalyst) to the exocyclic oxygen site on the 
propagating cationic species.  
 
1.6.3 Other Nickel Catalysts 
Brookhart and co-workers have also investigated a series of anilinotropone 
based nickel catalysts 119a-c (Figure 1.52).
247
 Upon activation by Ni(COD)2, high 
activities and long lifetimes were observed for the polymerization of ethylene, 
particularly in the aryl-substituted cases, 119b and 119c. Over time, the Mn was shown 
to increase in nearly linear fashion with polydispersities remaining relatively narrow 
(as low as 1.2) at room temperature. However, increasing both the reaction 
temperature and time lead to a subsequent increase in polydispersity. 
In 2009, Chen and co-workers reported the synthesis of "-aminoaldimine 
nickel complexes (120a-e, Figure 1.52) for ethylene polymerization.
248
 After 3 hours 
at 25 °C, 120d/MAO produced polyethylene with high molecular weight (Mn = 
164,000 g/mol) and narrow molecular weight distribution (Mw/Mn = 1.31). Increasing 
reaction time to 24 hours resulted in an increased molecular weight (Mn = 393,000 
g/mol) while maintaining a narrow polydispersity (Mw/Mn = 1.23). 
Finally, Bazan and co-workers have investigated nickel diimine variants 121a-
g (Figure 1.52).
249,250
 At 20 °C, 121a/Ni(COD)2 produced PE with low branching (12 
– 19 methyl branches/1000 carbons) and Mn was observed to increase linearly with 
89 
time up to 30 minutes. Additionally, the molecular weight distributions remained 
narrow for all the catalysts studied (Mw/Mn = 1.1 – 1.4). Investigation into the role of 
the ligand revealed that as the steric bulk increased an increase in polymerization 
activity was observed.   
 
 
 
 
 
 
 
 
 
 
Figure 1.52. Nickel precatalysts for olefin polymerization 
 
Utilizing 121, Bazan and co-workers achieved the first quasi-living 
copolymerization of ethylene with a polar monomer, 5-norbornen-2-yl acetate.
249,250
 
Upon activation with Ni(COD)2, 121a-g (Figure 1.52) incorporated 1-17 mol% 5-
norbornen-2-yl acetate into a polyethylene backbone. Molecular weight distributions 
were relatively narrow (Mw/Mn = 1.2 – 1.6), and the Mn exhibited a nearly linear 
increase with conversion. To synthesize block copolymers with different ratios of 
ethylene, Bazan and co-workers adopted a strategy based on a pressure-jump 
technique.
251
 Polymerization of 5-norbornen-2-yl acetate and 50 psi ethylene generates 
an amorphous copolymer with approximately 25% polar monomer incorporation. 
After a given reaction time (8 – 45 minutes), the ethylene pressure was increased to 
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1100 psi leading to formation of an essentially PE block (Scheme 1.21) with relatively 
narrow polydispersities (Mw/Mn = 1.3 – 1.6). Analysis of GPC and DSC data is 
consistent with diblock formation. TEM analysis demonstrated that the materials are 
microphase separated, consistent with blocks of distinct compositions. Tapered 
copolymers (TCP) have also been prepared with this system that allows depletion of 5-
norbornen-2-yl acetate under a constant ethylene pressure.
252
 It was observed that as 5-
norbornen-2-yl acetate concentration depletes semicrystalline properties are obtained 
after specific reaction times, consistent with the fact that ethylene-rich segments are 
formed indicating pseudo-diblock copolymer formation. This strategy was used to 
make pseudo-tetrablock copolymers by addition of a second batch of 5-norbornen-2-yl 
acetate after a prescribed time
253
 Tensile testing revealed a strain to break of about 
1000% at 65 °C with 80% elastic recovery.  
 
 
 
 
 
 
 
Scheme 1.21. Synthesis of ethylene/5-norbornen-2-yl acetate block copolymers. 
 
In a later report, Bazan and co-workers combined living insertion 
polymerization with living ATRP techniques to synthesize graft copolymers.
254
 
Polymerization of ethylene followed by copolymerization with 5-norbornen-2-yl-2’-
bromo-2’-methyl propanoate using 121c (Figure 1.52) activated with Ni(COD)2 
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furnished a PE macroinitiator. Subsequent polymerization with MMA by living ATRP 
methods furnished PE-graft-PMMA copolymers (Scheme 1.22). 
 
 
 
 
 
 
 
Scheme 1.22. Synthesis of PE-graft-PMMA copolymers using 121c and ATRP. 
 
1.6.4 Other Palladium Catalysts 
 The field of palladium-mediated living olefin polymerization was advanced in 
1995 by Novak with the design of !,"-bicyclic Pd catalyst 122 (Figure 1.53), which is 
both highly air- and moisture-stable, due to chelation by the appended olefin, but 
exhibits good activity for living polymerization.
255
 This unique, robust living behavior 
was demonstrated by the synthesis of well-defined block copolymers of norbornene 
and diethyl 7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate. A subsequent retro-
Diels-Alder reaction on this polymer afforded a discrete PNB-block-poly(acetylene) 
copolymer.  
While investigating another palladium complex, Risse reported on the 
polymerization of norbornene (NB) in a controlled fashion with catalyst 123 (Figure 
1.53) obtaining saturated polymers.
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 Renewed chain growth was observed with 
sequential addition of monomer, but only for low conversion. At 0 °C, narrow 
molecular weight distributions were obtained for short reaction times (trxn= 20 
minutes; 54% conversion; Mn = 21,400 g/mol; Mw/Mn = 1.07), but broadened as 
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conversion increased (Mw/Mn = 1.34 at 100% conversion). Risse also showed that 123 
polymerized a wide variety of ester-functionalized norbornenes, in some cases with 
narrow molecular weight distributions, and with linear increase in Mn over time.
257
 
Sequential addition of a norbornene monomer with different substitution pattern 
afforded diblock copolymers of moderate molecular weight. 
 
 
 
 
 
 
 
 
Figure 1.53. Palladium and cobalt precatalysts for olefin polymerization. 
 
1.6.5 Monocyclopentadienyl Cobalt Catalysts  
In 1991, Brookhart and co-workers identified Cp* cobalt complex 124 (Figure 
1.53) as a competent catalyst for polymerization of ethylene in a controlled fashion to 
low molecular weights (Mn = 13,600 g/mol; Mw/Mn = 1.17).
258
 Soon thereafter, aryl or 
silyl groups were introduced in the catalyst framework that prevent chain migration 
and allow for the production of a variety of end-functionalized PEs under living 
conditions.
259
 Reaction of 125a-e (Figure 1.53) with ethylene led to the formation of 
aryl-substituted PEs with quite narrow molecular weight distributions (Mn up to 
21,200 g/mol; Mw/Mn = 1.11 – 1.16). Triethylsilane-capped PEs were furnished with 
catalyst 126 (Mn = 16,100 g/mol; Mw/Mn = 1.15). 
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1.7 Outlook And Summary 
The last decade has seen significant new advances achieved in the field of 
living olefin polymerization. Many efficient and selective catalysts are now available 
for the living polymerization of ethylene in addition to living and stereoselective 
polymerization of !-olefins. Resulting in the creation of unlimited new polymer 
architectures, such as block copolymers and end-functionalized macromolecules. The 
ability to synthesize such polymers will allow the detailed study of the effect of 
polymer microstructure on the mechanical and physical properties of this new class of 
materials. 
As we wrote in our previous reviews,
2-4
 the main challenge facing this new 
field is that these expensive metal complexes only form one polymer chain during the 
polymerization reaction, resulting in economically non-viable materials for 
commodity applications. Significant research in developing catalytic systems that can 
produce multiple chains per metal center must be conducted. One strategy to 
accomplish this goal is to add excess amounts of an inexpensive metal complex that 
will rapidly transmetallate the active living catalyst, producing many chains per metal 
center.
93-95,260-264
 This strategy can then be used to create multiple block copolymers 
per metal center by varying polymerization conditions.
82,265
 A second strategy is to 
add an external agent at specific intervals during the living polymerization to 
terminate a chain and begin a new one.
169
 Third, metal complexes that transmetallate 
at rates slower than monomer enchainment but faster than chain formation have the 
potential to produce block copolymers when two different polymerization catalysts are 
used.
24,25,266-268
 Finally, non-living catalysts that can be induced to introduce blocks on 
a time-scale faster than that of chain formation can be used to make block 
copolymers.
23
  
94 
Future research will continue to uncover new living systems capable of making 
unique polyolefin structures, and these advances will greatly expand the range of 
polyolefin materials. New strategies for developing catalyst systems capable of 
furnishing multiple chains per metal center will allow commodity polyolefin 
production from living catalysts. Undoubtedly, the future for specialty materials is a 
bright one in light of continued new developments in the field of living olefin 
polymerization. 
95 
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Chapter 2 
Synthesis and Functionalization of Allyl-Terminated 
Syndiotactic Polypropylene 
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2.1 Introduction 
Polyolefins are one of the most important classes of commercial polymers on 
the market today with worldwide production exceeding 100 million tons per year.
1
 
The materials obtained from olefin polymerizations are useful in applications from 
garbage bags to automobile parts due in part to their robust chemical and physical 
properties combined with low cost.
2
 Because of their non-polar nature polyolefin 
materials often display poor adhesion properties and low compatibility with polar 
additives which often inhibits printability and dyeability.
3,4
 Fortunately, incorporation 
of even small amounts of polar functional groups into a polyolefin chain can 
dramatically improve these previously lackluster properties.
5
  
 
 
 
 
Figure 2.1. Chemical structures of a propylene/polar olefin random copolymer and an 
end-functionalized polypropylene. 
 
In general, there are two ways to envision the functionalization of polyolefins 
(Figure 2.1); polar functional groups may be randomly incorporated into the 
polyolefin main-chain or exclusively onto the chain-end.
6
 Currently, commercial 
processes require radical polymerization methods to incorporate polar comonomers, 
which limits the type of materials produced.
7
 However, transition-metal catalyzed 
coordination-insertion polymerization has recently been targeted as a synthetic method 
to afford new functionalized polyolefin materials.
6-11
 Copolymerization of polar 
monomers and olefins by transition metal catalysts generally results in a small amount 
of functional group incorporation. Although early metals complexes are capable of 
catalyzing copolymerization with polar comonomers,
12-15
 late metal catalysts are more 
FG
FG
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functional group tolerant due to their low oxophilicity.
9,16-20
 For a  more detailed 
discussion on the copolymerization of olefins with polar monomers and the properties 
of the resultant polymers refer to chapter five. This chapter will focus on the synthesis 
of the other major class of functionalized polyolefins, polymers bearing functional 
groups at the terminus, which are useful in the production of discrete materials with 
complex architectures
21
 such as block copolymers
22-26
, star polymers
27-34
 and comb 
polymers.
22,32,35
 
 
 
 
 
 
 
 
 
 
Scheme 2.1. Synthesis of end-functionalized polypropylene through living 
polymerization with vanadium catalyst 2.1 followed by quenching with electrophiles. 
 
End-functionalized polyolefins may be produced using a variety of different 
methods including thermal degradation
36,37
 and chain transfer polymerization
38-44
 as 
well as living
45-52
 and non-living
53-65
 transition metal catalysis. Living polymerization 
systems, which are void of chain termination events, are particularly useful in the 
production of uniform polymers containing functional groups on every chain end. In 
the 1980s, Doi and co-workers reported the end-functionalization of polypropylene 
utilizing vanadium-based catalysts such as 2.1 (Scheme 2.1).
45-49,51
 The living chain 
end was capable of reacting with a variety of different electrophiles including styrene, 
LnV I
O
HCO, H
+
Styrene
I2
H+
Ph
P
P
P
P
O
V
O
O
O
O
O
2.1
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iodine and carbon monoxide to give polypropylene terminated with a number of 
functional groups. Currently, living polymerization systems are employed in the 
synthesis of end-functionalized polyolefins, but are limited in their ability to produce 
only one chain per metal center.
50,52
 Therefore, it is important to identify and utilize 
systems that are capable of producing multiple chains per metal center. 
 
 
 
 
 
 
 
Scheme 2.2. Catalytic production of end-functionalized polyethylene using 
neodymium and n-butyloctylmagnesium. 
 
Functionalized polyolefins can be produced in a catalytic fashion using 
transition metal catalysts capable of undergoing chain transfer in the presence of 
zinc,
38,40
, borane,
39,42
, aluminum
41,43
 or magnesium reagents.
44
 In a recent example, 
Briquel and co-workers utilized a neodymium complex (Scheme 2.2) that catalyzes 
the polymerization of ethylene and undergoes chain transfer in the presence of n-
butyloctylmagnesium resulting in multiple polyethylene chains per neodymium.
44
 The 
PE-Mg-PE was sufficiently nucleophilic and resulted in end-functionalized 
polyethylene upon reaction with iodine. Substitution of the iodine-terminated 
polyethylene with sodium azide afforded a polymer capable of copper catalyzed 
cycloaddition reactions in the presence of alkynes. The azide-terminated polymer was 
also reduced to the corresponding amine-terminated polyethylene using lithium 
aluminum hydride. The amine-terminated macromolecule was combined with methyl 
1. [(C5Me5)2NdCl2Li(OEt2)2]
    BuMgOct
2. I2
I N3
NaN3
H2N
Reduction
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methacrylate to produce a diblock copolymer, polyethylene-b-
polymethylmethacrylate. By utilizing transition-metal polymerization capable of 
chain-transfer, end-functionalized polyolefins were produced in a catalytic fashion. 
Other transition metal olefin polymerization catalysts produce multiple chains 
per metal center without the addition of a chain transfer agent.
66
 !-Hydrogen or !-
methyl transfers occur through several different pathways (Scheme 2.3) resulting in a 
number of different alkene-terminated polyolefins. A 1,2-propylene insertion into the 
growing polymer chain followed by !-hydrogen transfer gives vinylidene-terminated 
polypropylene. Alternatively, !-methyl transfer following a 1,2-insertion of propylene 
results in allyl-terminated polypropylene. A handful of metallocene catalysts have 
been observed to produce allyl end-groups following 1,2-propylene insertion, 
however, selectivities are at best 90% with vinylidenes making up the remaining  
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.3. Chain release processes following 1,2- or 2,1-propylene insertions. 
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chain-ends.
63,67-69
 In systems that are capable of inserting propylene in a 2,1 fashion, 
!-hydrogen transfer could result in two different alkene-terminated polymers. Transfer 
of a !-hydrogen from the terminal CH3 (!-Ha) results in allyl-terminated 
polypropylene, whereas !-hydrogen transfer from the internal CH2 (!-Hb) gives a 2-
propenyl end-group. Complexes of both titanium
70
 and iron
71-74
 have been shown to 
undergo 2,1 propylene insertions and subsequent !-hydrogen transfer resulting in 
polypropylene with ally groups at the terminus.
71-74
 In fact, when 2,1-insertion 
dominates propylene polymerization, terminal allyl groups are almost exclusively 
observed.
70
 These alkene-terminated polypropylenes are useful synthetic intermediates 
and many researchers have utilized these materials in the production of polymers with 
alternative functional groups such as alcohols and amines.
53-65
 Furthermore, end-
functionalized polymers are attractive building blocks for the synthesis of more 
complex architectures such as block copolymers
22-26
 and star polymers
27-34
  due to 
decreased steric congestion at the chain-end.  
 
 
 
 
 
 
 
Figure 2.2. Living and non-living bis(phenoxy-imine) titanium catalysts. 
 
In addition to allyl-termination, a polymer with stereoregularity was desired for 
the purposes of this study. Semicrystalline polymers including isotactic and 
syndiotactic polypropylene typically display high melting temperatures (Tm = 165 and 
O
O
N
R2
R1
N
R2
R1
Cl
Ti
Cl
X2
X2
X2
X2
X2
X1
X1
X1
X2
X1
Living Propylene Polymerization
X1 = F, X2 = F or H
Non-Living Propylene Polymerization
X1 = H, X2 = F or H
 117 
148 °C, respectively) making the materials useful in commercial applications unlike 
their amorphous, stereoirregular counter part, atactic polypropylene (Tm = none), 
which has limited commercial uses.
5
 The bis(phenoxyimine)titanium catalysts (Figure 
2.2) have been widely exploited in the field of olefin polymerization for their ability to 
produce highly syndiotactic polypropylene.
70,75-89
 Studies have shown the fluorination 
pattern of the N-aryl ring has a significant effect on the nature of the 
polymerization.
70,84,90
 With at least one fluorine present in the ortho position of the N-
aryl ring, the bis(phenoxyimine)titanium complexes catalyze the living polymerization 
of propylene resulting in polypropylene with completely saturated groups. When all 
fluorines are removed from the ortho position of the N-aryl ring, the subsequent 
propylene polymerization is no longer living.
70
 The 
1
H NMR spectrum of the 
polypropylene produced from the non-living bis(phenoxyimine)titanium catalysts 
reveals only allyl-termination with no vinylidene or internal alkenes observed. For this 
study, a bis(phenoxyimine)titanium complexes (2.2, Scheme 2.4) bearing t-butyl 
groups on the ortho and para positions of the phenolate ring as well as fluorines on the 
3- and 5-positions of the N-aryl ring was utilized. Upon activation with  
 
 
 
 
 
 
 
 
 
Scheme 2.4. Synthesis of allyl-terminated syndiotactic polypropylene from a non-
living bis(phenoxyimine)titanium complex. 
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methylaluminoxane (MAO), complex 2.2 produces polypropylene with modest 
molecular weight (Mn (
1
H NMR) = 5,800 g/mol) and syndiotacticity ([rrrr] = 0.76). 
The polypropylene obtained from 2.2/MAO was soluble in many organic solvents 
making it an ideal polymer for a variety of end-functionalization reactions. 
In this chapter we explore the polymerization and subsequent end-
functionalization of allyl-terminated syndiotactic polypropylene obtained from 
propylene polymerization with 2.2/MAO. A number of polymers with varying 
functional groups have been produced utilizing a range of different organic 
transformations. Many of these end-functionalized polymers are useful for the 
production of polymers with more complex architectures such as block copolymers, 
star polymers and comb polymers. The synthesis of branched polymers from end-
functionalized syndiotactic polypropylene will be discussed in the following chapters. 
 
2.2 Results and Discussion 
2.2.1 Propylene Polymerization with 2.2/MAO 
Activation of the bis(phenoxyimine) titanium complex 2.2 with MAO in the 
presence of propylene resulted in low molecular weight polypropylene (Mn (
1
H NMR) 
= 5,800 g/mol) terminated with allyl groups.
70
 Analysis of the 
13
C NMR spectrum 
revealed polypropylene with moderate syndiotacticity ([rrrr] = 0.76). Examination of 
the 
1
H NMR spectrum revealed resonances at ! 5.8 and 5.01 ppm, which have been 
assigned to the allyl functional group (Figure 2.3). The bis(phenoxyimine) titanium 
complexes have been shown to insert propylene in a 2,1 fashion (Scheme 2.3) and 
therefore chain transfer reactions could result in a 2-propenyl end-group in addition to 
the allyl-terminated polymer. Further analysis of the 
1
H NMR spectrum shows no 
resonance at ! 5.5, which would be indicative of a 2-propenyl end-group. Thus, 
 119 
complex 2.2 cleanly produces syndiotactic polypropylene with only terminal allyl 
moieties. 
 
2.2.2 Synthesis of Dibromo-Terminated Syndiotactic Polypropylene 
Using the alkene moiety as a synthetic handle, a number of different functional 
groups were installed on the end of the polymer chain. Adding bromine to a slurry of 
allyl-terminated syndiotactic polypropylene (Scheme 2.5) in methylene chloride 
results in dibromo-terminated polypropylene. Analysis of the polymeric material by 
1
H NMR spectroscopy (Figure 2.3) revealed three new multiplets (! 4.27, 3.89 and 
3.69 ppm) and their chemical shifts were consistent with reported literature values for 
dibromoalkanes.
91
 Additionally, the signals corresponding to the allyl end-group were 
not observed. The reaction proceeded to high conversion (94%) as evidenced by the 
end-group molecular weight analysis (Mn (
1
H NMR) = 6,200 g/mol). The dibromo-
terminated polymer was exposed to different bases (DBU and KOH) in several 
solvents (toluene, THF and DMF) in an effort to obtain alkyne-terminated 
polypropylene, which was a desired building block for the synthesis of more complex 
polymer architectures utilizing click chemistry. Even though signals corresponding to 
the dibromo end-group were not observed in the 
1
H NMR spectrum, resonances for 
the alkyne were also not observed and subsequent cycloaddition reactions in the  
 
 
 
 
 
 
Scheme 2.5. Synthesis of sPP-CH2CHBrCH2Br and sPP-CH2CH(O)CH2 from sPP-
CH2CH=CH2. 
n
n
Br
Br
n
O
Br2, CH2Cl2, 22 °C
mCPBA, CHCl3, 22 °C
 120 
presence of azides and copper iodide were unsuccessful. Despite the inability to 
produce alkyne-terminated polymer under the conditions screened, the dibromo 
polymer itself could serve as a useful dielectrophile in nucleophilic substitution 
reactions.
92-94
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. 
1
H NMR spectra of sPP-CH2CH=CH2, sPP-CH2CHBrCH2Br and sPP-
CH2CH(O)CH2 (500 MHz, 1,1,2,2-tetrachloroethane-d2, 75 °C). 
 
2.2.3 Synthesis and Ring Opening of Epoxide-Terminated Polypropylene 
In addition to bromination, the allyl-terminated polypropylene can be readily 
converted to the epoxide-terminated polymer (Scheme 2.5) with chloroform and meta-
chloroperoxybenzoic acid (mCPBA) at room temperature. The epoxidation proceeds 
with high conversion (95%) as evidenced end-group analysis (Mn (
1
H NMR) = 6,100 
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g/mol). Examination of the 
1
H NMR spectrum (Figure 2.3) confirmed the presence of 
three new resonances (! 2.93, 2.74 and 2.42 ppm) and the complete disappearance of 
the alkene residues (! 5.8 and 5.01 ppm). Epoxide-terminated syndiotactic 
polypropylene is a useful type of end-functionalized polymer due to their potential use 
in a number of different polymerization
95,96
 and organic transformations.
97
 
 
 
 
 
 
 
 
Scheme 2.6. Ring opening of sPP-CH2CH(O)CH2 under acidic and basic conditions. 
 
Epoxides are known to readily undergo ring opening by nucleophiles in the 
presence of acids or bases resulting in the either primary or secondary alcohols. 
Dissolving the polymer in toluene and adding HCl resulted in complete consumption 
of the epoxide-terminated polypropylene (Scheme 2.6). Ring opening was confirmed 
by 
1
H NMR spectroscopy (Figure 2.4) with the disappearance of the epoxide 
resonances and the appearance of new resonances (! 3.90, 3.63 and 3.48 ppm), which 
were suggestive of the dihydroxyl-terminated polymer. However, molecular weight 
determination by end-group analysis of the 
1
H NMR spectrum showed poor 
conversion (25%) of the epoxide to the dihydroxyl. In contrast to the acidic conditions, 
exposing the epoxide to basic ring-opening conditions proved to be highly successful. 
Heating a mixture of the polymer, THF and lithium aluminum hydride to 60 °C 
produced the secondary alcohol with high conversion (99%) as evidenced by 
n
n
OH
HCl (conc.), Toluene, 80 °C
LiAlH4, THF, 60 °C
O
n
HO
OH
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molecular weight determination (Mn (
1
H NMR) = 5,400 g/mol) through end-group 
analysis. Then 
1
H NMR spectrum revealed a signal (! 3.88) consistent with the 
formation of the secondary alcohol. The alcohol proved to be reactive upon exposure 
to a number of difference acid chlorides as well as para-toluenesulfonyl chloride, 
however, the steric bulk of the secondary alcohol ultimately limited its use in the 
production of more complex polymer architectures such as star polymers. Therefore, 
the efficient synthesis of syndiotactic polypropylene terminated with primary hydroxyl 
groups was targeted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4. 
1
H NMR spectra of sPP-CH2CH(OH)CH2OH, sPP-CH2CH(OH)CH3, sPP-
(CH2)3OH (500 MHz, 1,1,2,2-tetrachloroethane-d2, 75°C). 
 
2.2.4 Synthesis of Hydroxyl-Terminated Syndiotactic Polypropylene 
The allyl-terminated polypropylene can be converted to a primary hydroxyl-
terminated polypropylene using hydroboration-oxidation (Scheme 2.7). In 2005, 
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Hagiwara and coworkers were able to convert vinylidene-terminated polypropylene 
formed through controlled thermal degradation to the primary alcohol using a borane-
THF complex and subsequent hydrogen peroxide oxidation.
37
 Conversion of the 
vinylidene to a hydroxyl end-group was achieved in greater than 90% yields for most 
of the polymers utilized in their study. Using a similar procedure, the ally-terminated 
syndiotactic polypropylene was converted to the primary hydroxyl using 9-BBN at 65 
°C followed by the addition of sodium hydroxide and hydrogen peroxide. Analysis of 
the 
1
H NMR spectrum (Figure 2.6) showed complete disappearance of the alkene 
resonances and the appearance of a new resonance at ! 3.61, which is consistent with 
literature reports for hydroxyl-terminated polymers.
37
 The percent end-
functionalization of the polymer was dependent on the solvent, time and temperature 
at which the oxidation was preformed. When the oxidation was carried out at room 
temperature in toluene, the reaction proceeded to approximately 76% conversion with 
the remaining 24% corresponding to alkane-terminated polymer (Table 2.1). The 
molecular weight of the hydroxyl-terminated polypropylene was equivalent to that of 
the allyl-terminated polypropylene by GPC (Mn (GPC) = 4,600 g/mol), which supports 
the formation of alcohol-terminated and alkane-terminated polypropylene. Upon 
increasing the temperature of the oxidation step to 45 °C in toluene, no observable 
change in conversion (76%) was observed after one hour, however, increasing the 
reaction time to four hours showed a significant decrease in conversion (58%). Similar 
effects were observed for oxidations carried out at 65 °C for 24 hours in toluene  
 
 
 
 
Scheme 2.7. Hydroboration/oxidation of sPP-CH2CH=CH2. 
n n
HO
1. 9-BBN
2. H2O2
    NaOH
n
H+
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Table 2.1. Optimization of the sPP-CH2CH=CH2 oxidation following hydroboration with 9-BBN. 
Entry Solvent Toxidation                
(°C) 
toxidation                   
(hr) 
Mn                  
(g/mol)
a 
Functionalization          
(%)
a 
1 Toluene 25 4 7,500 77 
2 Toluene 25 24 7,600 76 
3 Toluene 45 1 7,600 76 
4 Toluene 45 4 10,000 58 
5 Toluene 65 24 10,000 58 
6 THF 25 4 7,500 77 
7 THF 45 0.25 30,000 19 
8 THF 45 0.5 8,900 65 
9 THF 45 1 6,400 91 
10 THF 45 4 6,600 88 
11 THF 65 24 13,000 45 
a
 Determined using 
1
H NMR spectroscopy in 1,1,2,2-tetrachloroethane-d2 at 75 °C.
1
2
4
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(58%). Switching the solvent from toluene to THF and carrying the oxidation out at 
room temperature had no effect on the amount of hydroxyl-terminated polymer 
obtained (76%). Upon increasing the oxidation temperature to 45 °C, a noticeable 
change in the amount of hydroxyl-terminated polymer was observed. When short 
oxidation times (15 and 30 min) were utilized, incomplete conversion to product was 
observed (19 and 65%, respectively). However, after just one hour, a significant 
amount of hydroxyl-terminated polypropylene was obtained (91%). Increasing the 
reaction time further resulted in a slight decrease in the amount of end-functionalized 
product obtained (88%). Finally, increasing the temperature of the oxidation step to 65 
°C in THF for 24 hours, showed a marked decrease in the amount of alcohol-
terminated polymer that was obtained (45%). Based on all of these results, THF 
appears to be the optimal solvent for the hydroboration/oxidation of ally-terminated 
syndiotactic polypropylene. The temperature and length of the oxidation step greatly 
affected the amount of functionalized polymer that was obtained. Long reaction times 
(>4 hrs) and high oxidation temperatures (>45 °C) lead to decreased functionalization. 
Carrying this oxidation out at 45 °C for 1 hour gave hydroxyl terminated polymer in 
high conversion (91%).  
 
2.2.5 Reaction of Hydroxyl-Terminated Polypropylene with Acid Chlorides 
 Installing the primary hydroxyl group on the end of the polypropylene chain 
resulted in a polymer that was useful in a number of organic transformations. In 
particular, reaction of the terminal alcohol with several different acid chlorides was 
facile. Initial hydroxyl reactivity was investigated through reaction of the alcohol-
terminated polymer with benzoyl chloride in the presence of toluene and triethyl 
amine (Scheme 2.8). The resultant polypropylene displayed three aromatic resonances 
(! 8.04, 7.57 and 7.45 ppm) as well as a resonance characteristic of the methylene 
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adjacent to the ester (! 4.31) in the 
1
H NMR spectrum (Figure 2.5). Further analysis of 
the 
1
H NMR spectra revealed a molecular weight (Mn (
1
H NMR) = 11,000 g/mol) 
consistent with 69% conversion of the hydroxyl-terminated polypropylene produced 
from hydroboration/oxidation in toluene at room temperature to the ester. 
 
 
 
 
 
 
 
 
 
 
Scheme 2.8. Reaction of sPP-(CH2)3OH with acid chlorides. 
 
 The reactivity of the hydroxyl-terminated polymer with acid chlorides was 
further explored in an effort to produce end-functionalized polypropylene molecules 
that would be useful in radical polymerization processes. Combining the alcohol-
terminated polymer with toluene, triethyl amine and methacryloyl chloride at room 
temperature resulted in the methylacrylate-terminated polypropylene, however, 
molecular weights (Mn (
1
H NMR) = 34,000 g/mol) obtained suggested a low degree of 
end-functionalization (17%) as well as a secondary product, which could not be 
identified. Upon substituting acryloyl chloride for methacryloyl chloride, 
functionalization was significantly improved. Analysis of the resultant 
1
H NMR 
spectrum for the polypropylene produced showed three alkene resonances (! 6.38, 
n
n
O
n
NEt3, Toluene, 90 °C
NEt3, Toluene, 90 °C
R = Me, H
HO
O
O
O
R
Cl
O
Cl
O
R
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6.15 and 5.80 ppm) as well as an ester resonance (! 4.20), which were all indicative of 
formation of the acrylate ester (Figure 2.5). Overall functionalization (61%, Mn (
1
H 
NMR) = 9,500 g/mol) obtained through end-group analysis using 
1
H NMR 
spectroscopy was significantly higher and overall the reaction was cleaner than the 
corresponding methacrylate ester. These acrylate-terminated polymers represent a 
particularly intriguing class of polymers due to their usefulness in radical 
polymerization.
98,99
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. 
1
H NMR spectra of sPP-(CH2)3OCOC6H5 and sPP-(CH2)3OCOCH=CH2 
(500 MHz, 1,1,2,2-tetrachloroethane-d2 (TCE), 75 °C). 
 
 
 2.2.6 Synthesis of Tosyl-Terminated Syndiotactic Polypropylene 
Conversion of the hydroxyl-terminated polymer to the tosyl-terminated 
polypropylene was also achieved by dissolving the polymer in chloroform and adding 
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pyridine and tosyl chloride to the mixture (Scheme 2.9). After stirring for one day at 
60 °C, the resultant polymer was analyzed by 
1
H NMR spectroscopy, which revealed a 
mixture of two products. One of the products was the expected tosylated polymer, 
which was confirmed by the presence of two aromatic resonances (! 7.78 and 7.35 
ppm), a methyl resonance (! 2.46) and a signal for the protons adjacent to the tosyl 
group (! 4.03). The other product exhibited a single resonance (! 3.46) and was 
determined to be the chloro-terminated polypropylene. Displacement of the tosylate by 
the chloride has been shown to occur at elevated reaction temperatures for extended 
periods of time.
100
 Using end-group analysis of the 
1
H NMR spectrum (Figure 2.7), 
high conversion of the hydroxyl group to either a chloride or a tosylate was observed 
(84%). By GPC, the polymer mixture had a molecular weight (Mn = 5,000 g/mol) 
consistent with the starting polymer (Mn = 4,600 g/mol). Despite the mixture of end 
groups the polymer was still used in the next step of the synthesis as both the tosyl and 
the chloro groups were expected to leave the end of the polymer chain in the presence 
of a nucleophile. 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.9. Reaction of hydroxyl-terminated polypropylene with tosyl chloride to 
produce tosyl- and chloro-terminated polypropylene. 
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+
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2.2.7 Synthesis of Azide-Terminated Syndiotactic Polypropylene 
It has previously been shown that tosyl-terminated
41
 or halide-terminated
101
 
polymers may be converted to the azide-terminated polymer, therefore, we predicted 
our polymer mixture could be converted to a single product. The polypropylene 
mixture was combined with sodium azide, toluene and DMF at 100 °C (Scheme 2.10). 
After three days, the mixture was determined to have undergone conversion to the 
azide-terminated polymer. Analysis of the 
1
H NMR spectrum (Figure 2.6) revealed a 
single new resonance (! 3.26), which was consistent with azide formation, as well as 
no signals corresponding to the tosyl- or chloro-terminated polypropylene.
101
 A slight 
increase in the polymer molecular weight was determined by GPC (Mn (GPC) = 7,700 
g/mol) and end group analysis (Mn (
1
H NMR) = 13,500 g/mol). This molecular weight 
increase was attributed to fractionation of more soluble, lower molecular weight 
polymers during the workup process resulting in moderate conversion (69%) to azide-
terminated polymer. An IR spectrum (Figure 2.8) of the polypropylene was obtained 
and a large peak was observed (2100 cm
-1
), which was consistent with the presence of 
azide moieties.
101
 Furthermore, IR spectrum of the tosyl-terminated (Figure 2.7) and 
amine terminated (discussed below) were also obtained. Both polymers showed no 
noticeable peaks in the azide region, which confirms both addition and removal of the 
functionality is possible.  
 
 
 
 
 
 
 
 
Scheme 2.10. Synthesis of azide-terminated polypropylene from tosly- and chloro-
terminated polypropylene. 
n
n
NaN3, Toluene
n
Cl
N3
TsO
+
DMF, 100 °C
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Figure 2.6. 
1
H NMR spectra of sPP-(CH2)3OTs, sPP(CH2)3N3 and sPP-
(CH2)3C2HN3C6H5 (500 MHz, 1,1,2,2-tetrachloroethane-d2 (TCE), 75 °C). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. IR spectrum of tosyl-terminated polypropylene. 
 131 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. IR spectrum of azide-terminated polypropylene. 
 
2.2.8 Click Chemistry and Azide-Terminated Syndiotactic Polypropylene 
Recently, click chemistry utilizing azides and alkynes usually in the presence 
of copper has been widely used to form triazoles.
22,102-106
 These are typically high 
yielding, selective reactions and are therefore ideal for polymer end-functionalization. 
Exposure of the azide-terminated syndiotactic polypropylene to phenyl acetylene in 
the presence of copper iodide, toluene and DMSO resulted in syndiotactic 
polypropylene end-functionalized with a triazole moiety (Scheme 2.11). The 
1
H NMR 
spectrum (Figure 2.6) showed four new aromatic resonances (! 7.83, 7.73, 7.44 and 
7.35 ppm) as well as one new resonance, which can be attributed to the methylene 
adjacent to the triazole (! 4.37). The 1,4-disubstituted triazole was the only 
regioisomer present, which is the expected product from a copper catalyzed 
cycloaddition reaction.
106
 The azide-terminated polypropylene was completely 
consumed, however only a modest amount of end-functionalization (23%) was 
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observed utilizing end-group analysis (Mn = 33,000 g/mol). Despite the low 
conversion, the ability to click acetylenes onto the end of syndiotactic polypropylene 
chains opens the door to new functional groups and reactivities.
22,103-106
 
 
 
 
 
Scheme 2.11. Click reaction of sPP-(CH2)3N3 with phenyl acetylene. 
 
2.2.9 Synthesis of Amine-Terminated Syndiotactic Polypropylene 
 It has been previously shown that azide-terminated polyethylene can be 
converted to amine-terminated polyethylene through reduction of the azide 
functionality.
44
 The azide-terminated syndiotactic polypropylene was also easily 
converted to the corresponding amine using lithium aluminum hydride in THF at 60 
°C (Scheme 2.12). Analysis of the 
1
H NMR spectrum showed complete disappearance 
of the resonance at ! 3.26 and the appearance of a single new resonance at ! 2.65, 
which is indicative of amine formation.
44
 Conversion of the azide to the amine-
terminated polymer proceeded with high efficiency (87%) according to molecular 
weight analysis (Mn = 15,000 g/mol) using 
1
H NMR spectroscopy (Figure 2.9). A 
slight increase in the molecular weight of the polymer (Mn = 8,300 g/mol) was 
observed by GPC, which would explain the increase in molecular weight observed 
using 
1
H NMR spectroscopy The IR spectrum (Figure 2.10) of the amine-terminated 
polypropylene showed no peak at 2100 cm
-1
, which confirmed the complete removal 
of the azide functionality. The amine functional group is a useful synthetic handle due 
to its facile reactivity with a number of organic compounds including alkyl halide and 
acid chlorides. 
n n
NN3
CuI, Toluene
DMSO, 100 °C
NN
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Scheme 2.12. Reduction of sPP-(CH2)3N3 to sPP-(CH2)3NH2 using LiAlH4. 
 
2.2.10 Reaction of Amine-Terminated Polypropylene with Acid Chlorides 
In fact, the amine-terminated syndiotactic polypropylene was found to readily 
react with acid chlorides. In the presence of benzoyl chloride, triethyl amine and 
toluene at 100 °C, amide-terminated polypropylene was easily obtained from the 
amine (Scheme 2.13). Analysis of the 
1
H NMR spectrum (Figure 2.9) showed 
complete disappearance of the resonance at ! 2.65 and the appearance of three new 
aromatic resonances (! 7.42, 7.28 and 7.19 ppm) and a new resonance at ! 3.98, which 
can be attributed to the methylene adjacent to the amide. The reaction proceeded to 
moderately high conversion (83%) as evidenced by end-group analysis (Mn = 18,000 
g/mol). Molecular weight determination using GPC suggests a slight decrease in 
molecular weight (Mn = 6,400 g/mol) compared with the amine-terminated polymer 
(Mn = 8,300 g/mol). It is possible that hydrogen bonding between amine-terminated 
polymers results in artificially high molecular weight being obtained by GPC. This 
effect has been observed in polyaniline systems capable of hydrogen bonding.
107
 Due 
to the relative ease of this reaction, a host of different amide substituted 
polypropylenes could easily be synthesized possibly resulting in polypropylene 
materials with new structures and reactivity. 
 
 
 
 
Scheme 2.13. Reaction of sPP-(CH2)3NH2 with benzoyl chloride. 
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Figure 2.9. 
1
H NMR spectra of sPP-(CH2)3NH2 and sPP-(CH2)3NHCOC6H5 (500 
MHz, 1,1,2,2-tetrachloroethane-d2 (TCE), 75 °C). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10. IR spectrum of amine-terminated syndiotactic polypropylene. 
 
TCE 
TCE 
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2.3 Conclusion 
From allyl-terminated syndiotactic polypropylene, we obtained a variety of 
different end-functionalized polymers including, but not limited to epoxides, alcohols, 
esters, azides and amines. Most of the reactions explored here proceeded with 
selectivity towards a single product. Therefore, the end-functionalized polymers were 
isolated with uniform functional groups at each terminus.  Imparting functionality to 
polypropylene has been shown to improve properties such as adhesion, hygroscopity 
and miscibility in polymer blends.
3-5
 Furthermore, these end-functionalized polymers 
may be useful in the production of a number of branch polymers
21
 such as block 
copolymers,
22-26
 star polymers
27-34
 and comb polymers,
22,32,35
 which will be discussed 
at length in the following chapters. 
 
2.4 Experimental 
General Procedures. All manipulations of air- and/or water-sensitive compounds 
were carried out under dry nitrogen using Braun UniLab drybox or standard Schlenk 
techniques. 
1
H and 
13
C{
1
H} NMR spectra of polymers were recorded using a Varian 
UnityInova (500 MHz) spectrometer equipped with a 
1
H/BB switchable with Z-pulse 
field gradient probe operating and referenced versus residual non-deuterated solvent 
shifts. The polymer samples were dissolved in 1,1,2,2-tetrachloroethane-d2 in a 5 mm 
O.D. tube, and spectra were collected at 75 °C. End-group analysis for molecular 
weight determination was achieved by relative integration of the end-group vs alkyl 
peaks in the 
1
H NMR spectra. Additionally, molecular weights (Mn and Mw) and 
polydispersities (Mw/Mn) were determined by high temperature gel permeation 
chromatography (GPC). Analyses were performed with a Waters Alliance GPCV 2000 
GPC equipped with a Waters DRI detector and viscometer. The column set (four 
Waters HT 6E and one Waters HT 2) was eluted with 1,2,4-trichlorobenzene 
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containing 0.01 wt % di-tert-butyl-hydroxytoluene (BHT) at 1.0 mL/min at 140 °C. 
Data were calibrated using monomodal polyethylene standards (from Polymer 
Standards Service).  
Materials. Toluene was purified over columns of alumina and copper (Q5). THF was 
purified over an alumina column and degassed by three freeze-pump-thaw cycles 
before use. Propylene (Airgas, research purity) was purified over columns (40 cm 
inner diameter x 120 cm long) of BASF catalyst R3-12, BASF catalyst R3-11, and 4Å 
molecular sieves. PMAO-IP (13 wt % Al in toluene, Akzo Nobel) was dried in vacuo 
to remove residual trimethyl aluminum and used as a solid white powder. Complex 2.2 
was prepared according to a previously reported procedure.70 Pyridine and 
triethylamine were stirred over CaH2 for several days and vacuum distilled. Bromine, 
methylene chloride, meta-chloroperoxybenzoic acid, chloroform, methacryloyl 
chloride, acryloyl chloride, benzoyl chloride, para-toluenesulfonyl chloride, LiAlH4, 
sodium azide, copper iodide, phenyl acetylene, DMF (anhydrous, 99.8%), DMSO 
(anhydrous, 99.9%) and 1,1,2,2-tetrachloroethane-d2 were purchased from commercial 
sources and used as received. 
sPP-CH2CH=CH2.   In a glovebox, a 12 oz Laboratory Crest reaction vessel 
(Andrews Glass) was charged with dried PMAO (1.15 g, 20 mmol) and toluene (300 
mL). The vessel was purged with propylene gas three times and equilibrated at 0 °C 
and 30 psig propylene. After 15 minutes, a solution of the 2.2 (100 !mol, [Al]/[Ti] = 
200) in toluene (10 mL) was injected into the reactor. After 9 h, the reaction mixture 
was quenched with methanol (10 mL) and the polymer was precipitated into a copious 
amount of acidic methanol (5% HCl(aq)) and stirred overnight. The polymer was 
isolated and rinsed with methanol. To purify the sample, the polymer was dissolved in 
hot toluene and filtered through a glass frit layered with silica, alumina, and Celite. 
The toluene was removed and the polymer was dried in vacuo to constant weight  
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(9.11 g). Mn(GPC) = 4,500 g/mol, Mw/Mn = 1.90, Mn(
1
H NMR) = 5,800 g/mol. 
1
H 
NMR (500 MHz, C2D2Cl4, 75 °C): ! 5.81 (dd, 1H), ! 5.01 (m, 2H), ! 0.68-1.72 (m, 
800H).  
sPP-CH2CHBrCH2Br. A 20 mL scintillation vial was charged with sPP-
CH2CH=CH2 (0.10 g, 0.017 mmol) and CH2Cl2 (8 mL). The vial was heated to 45 °C 
to dissolve as much of the polymer as possible. The mixture was cooled to room 
temperature and bromine (0.09 mL, 1.67 mmol) was syringed into the vial. After 
stirring at room temperature for 30 minutes, the mixture was poured into saturated 
sodium thiosulfate and stirred for an additional 30 minutes. The polymer was 
collected, dissolved in hot toluene and filtered through a glass frit layered with silica, 
alumina, and Celite. The toluene was removed and the polymer was dried in vacuo to 
constant weight (0.06 g, 60% yield). Mn(GPC) = 5,500 g/mol, Mw/Mn = 1.80, Mn(
1
H 
NMR) = 6,200 g/mol. 
1
H NMR (500 MHz, C2D2Cl4, 75 °C): ! 4.27 (m, 1H), ! 3.89 
(m, 1H), ! 3.69 (m, 1H), ! 0.68-1.72 (m, 880H). 
sPP-CH2CH(O)CH2. An oven-dried Schlenk tube was cooled under vacuum and 
charged with sPP-CH2CH=CH2 (0.25 g, 0.042 mmol). Dry toluene (10 mL) was 
cannulated into the tube and the mixture was heated to 45 °C to dissolve the polymer. 
The solution was cooled to room temperature and meta-chloroperoxybenzoic acid 
(0.22 g, 1.25 mmol) was added to the flask. After stirring for 7 days at room 
temperature, the mixture was poured into copious methanol. The polymer was 
collected, dissolved in hot toluene and filtered through a glass frit layered with silica, 
alumina, and Celite. The toluene was removed and the polymer was dried in vacuo to 
constant weight (0.23 g, 92% yield). Mn(GPC) = 5,000 g/mol, Mw/Mn = 1.86, Mn(
1
H 
NMR) =  6,100 g/mol. 
1
H NMR (500 MHz, C2D2Cl4, 75 °C): ! 2.93 (m, 1H), ! 2.74 
(m, 1H), ! 2.42 (m, 1H), ! 0.68-1.72 (m, 880H). 
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sPP-CH2CH(OH)CH3. An oven-dried Schlenk tube was cooled under vacuum and 
charged with sPP-CH2CH(O)CH2 (0.10 g, 0.017 mmol) and LiAlH4 (0.007 g, 0.17 
mmol). Dry THF (10 mL) was cannulated into the tube and the mixture was heated to 
60 °C. After 12 hours, the mixture was cooled to 0 °C and quenched with copious 
methanol. The polymer was collected, dissolved in hot toluene and filtered through a 
glass frit layered with silica, alumina, and Celite. The toluene was removed and the 
polymer was dried in vacuo to constant weight (0.08 g, 80% yield). Mn(GPC) = 5,000 
g/mol, Mw/Mn = 1.86, Mn(
1
H NMR) = 5,400 g/mol. 
1
H NMR (500 MHz, C2D2Cl4, 75 
°C): ! 3.88 (m, 1H), ! 0.68-1.72 (m, 780H). 
sPP-(CH2)3OH. An oven-dried 1 L round bottom flask was cooled under vacuum and 
charged with sPP-CH2CH=CH2 (20.0 g, 3.33 mmol). Toluene or THF (500 mL) was 
cannulated into the flask and the mixture was heated to 45 °C. After 15 minutes, the 9-
BBN (23.3 mL, 11.66 mmol) was added drop wise to the flask and the solution was 
heated to 65 °C. The mixture was cooled to the prescribed oxidation temperature after 
3 hours. A sodium hydroxide solution (1.5 M in H2O, 49.95 mmol) was added 
followed immediately by a hydrogen peroxide solution (1.22 M in THF, 36.63 mmol). 
After a given amount of time, the mixture was poured into copious methanol. The 
polymer was collected, dissolved in hot toluene and filtered through a glass frit 
layered with silica, alumina, and Celite. The toluene was removed and the polymer 
was dried in vacuo to constant weight (19.0 g, 95% yield). Mn(GPC) = 4,600 g/mol, 
Mw/Mn = 1.90, Mn(
1
H NMR) = 6,400 – 30,000 g/mol (depending on oxidation 
temperature). 
1
H NMR (500 MHz, C2D2Cl4, 75 °C): ! 3.61 (q, 2H), ! 0.68-1.72 (m, 
900 - 3400H). 
sPP-(CH2)3OCOC6H5. An oven-dried Schlenk tube was cooled under vacuum and 
charged with sPP-(CH2)3OH (0.50 g, 0.083 mmol). Tetrachloroethane (1 mL) and 
triethylamine (0.01 mL, 0.083 mmol) were syringed into the flask followed by the 
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benzoyl chloride (0.01 mL, 0.083 mmol). The reaction mixture was heated to 120 °C. 
After 2 days, the solution was cooled to room temperature and the polymer was 
precipitated with methanol (100 mL). The polymer was collected, dissolved in hot 
toluene and filtered through a glass frit layered with silica, alumina, and Celite. The 
toluene was removed and the polymer was dried in vacuo to constant weight (0.30 g, 
60% yield). Mn(GPC) = 6,000 g/mol, Mw/Mn = 1.60, Mn(
1
H NMR) = 11,000 g/mol. 
1
H 
NMR (500 MHz, C2D2Cl4, 75 °C): ! 8.04 (d, 2H), ! 7.57 (t, 1H), ! 7.45 (t, 2H),  ! 4.31 
(t, 2H), ! 0.68-1.72 (m, 1500H). 
sPP-(CH2)3OCOC(CH2)CH3. An oven-dried Schlenk tube was cooled under vacuum 
and charged with sPP-(CH2)3OH (0.50 g, 0.083 mmol). Dry toluene (50 mL) was 
cannulated into the flask and heated until the polymer was in solution. The mixture 
was cooled to room temperature. Triethylamine (0.11 mL, 0.83 mmol) was syringed 
into the flask followed by methacryloyl chloride (0.08 mL, 0.83 mmol).  The mixture 
continued to stir at room temperature for 24 hours. The polymer was precipitated with 
copious methanol, collected, dissolved in hot toluene and filtered through a glass frit 
layered with silica, alumina, and Celite. The toluene was removed and the polymer 
was dried in vacuo to constant weight (0.49 g, 98% yield). Mn(
1
H NMR) = 34,000 
g/mol. 
1
H NMR (500 MHz, C2D2Cl4, 75 °C): ! 6.10 (s, 1H), ! 5.55 (s, 1H), ! 4.20 (t, 
2H), ! 4.14 (m, 5H), ! 0.68-1.72 (m, 4900H). 
sPP-(CH2)3OCOCHCH2. An oven-dried Schlenk adapted round bottom flask was 
cooled under vacuum and charged with sPP-(CH2)3OH (2.0 g, 0.33 mmol). Dry 
toluene (250 mL) was cannulated into the flask and the mixture was heated to 45 °C to 
dissolve the polymer. The solution was cooled to room temperature and triethylamine 
(0.23 mL, 1.67 mmol) was syringed into the flask followed immediately by acryloyl 
chloride (0.13 mL, 1.67 mmol). After stirring for 12 hours, the mixture was poured 
into copious methanol. The polymer was collected, dissolved in hot toluene and 
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filtered through a glass frit layered with silica, alumina, and Celite. The toluene was 
removed and the polymer was dried in vacuo to constant weight (1.96 g, 98% yield). 
Mn(GPC) = 5,500 g/mol, Mw/Mn = 2.60, Mn(
1
H NMR) =  9,500 g/mol. 
1
H NMR (500 
MHz, C2D2Cl4, 75 °C): ! 6.38 (dd, 1H), ! 6.15 (dd, 1H), ! 5.80 (dd, 1H), ! 4.20 (t, 
2H), ! 0.68-1.72 (m, 11350H). 
sPP-(CH2)3OSO3C6H4CH3. An oven-dried 1 L round bottom flask was cooled under 
vacuum and charged with sPP-(CH2)3OH (30.0 g, 5.0 mmol), para-toluenesulfonyl 
chloride (28.6 g, 150 mmol), and chloroform (500 mL). Pyridine (12.1 mL, 150 
mmol) was added by syringe and the mixture was heated to 60 °C. After 2 days, the 
mixture was cooled to room temperature and the polymer was precipitated in methanol 
(1 L). The polymer was collected, dissolved in hot toluene and filtered through a glass 
frit layered with silica, alumina, and Celite. The toluene was removed and the polymer 
was dried in vacuo to constant weight (20.3 g, 68% yield). Mn(GPC) = 5,000 g/mol, 
Mw/Mn = 1.84, Mn(
1
H NMR) = 9,000 g/mol. 
1
H NMR (500 MHz, C2D2Cl4, 75 °C): ! 
7.80 (d, 2H), ! 7.37 (d, 2H), ! 4.04 (t, 2H), ! 3.54 (t, 2H), ! 2.46 (s, 3H), ! 0.68-1.72 
(m, 1300H). 
sPP-(CH2)3N3. An oven-dried 1L round bottom flask was cooled under vacuum and 
charged with sPP-(CH2)3OSO3C6H4CH3 (19.5 g, 3.25 mmol) and sodium azide (2.11 
g, 32.5 mmol). Toluene (100 mL) and DMF (100 mL) were cannulated into the flask 
and the mixture was heated to 100 °C. After 3 days, the mixture was cooled to room 
temperature and the polymer was precipitated in water (1 L). The polymer was 
collected, dissolved in hot toluene and filtered through a glass frit layered with silica, 
alumina, and Celite. The toluene was removed and the polymer was dried in vacuo to 
constant weight (14.2 g, 73% yield). Mn(GPC) = 7,700 g/mol, Mw/Mn = 1.48, Mn(
1
H 
NMR) = 13,000 g/mol. 
1
H NMR (500 MHz, C2D2Cl4, 75 °C): ! 3.26 (d, 2H), ! 0.68-
1.72 (m, 2000H). 
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sPP-(CH2)3CHN3C6H5. An oven-dried Schlenk tube was cooled under vacuum and 
charged with sPP-(CH2)3N3 (0.30 g, 0.05 mmol), phenyl acetylene (0.051 g, 0.50 
mmol), and copper iodide (0.01 g, 0.05 mmol). Toluene (3 mL) and DMSO (3 mL) 
were syringed into the flask. The mixture was heated to 80 °C. After 18 hours, the 
solution was cooled to room temperature and the polymer was precipitated with 
methanol (100 mL). The polymer was collected, dissolved in hot toluene and filtered 
through a glass frit layered with silica, alumina, and Celite. The toluene was removed 
and the polymer was dried in vacuo to constant weight (0.22 g, 73% yield). Mn(GPC) 
= 6,700 g/mol, Mw/Mn = 1.70, Mn(
1
H NMR) = 33,000 g/mol. 
1
H NMR (500 MHz, 
C2D2Cl4, 75 °C): ! 7.83 (d, 2H), ! 7.73 (s, 1H), ! 7.44 (t, 2H), ! 7.35 (t, 1H), ! 4.37 (t, 
2H), ! 0.68-1.72 (m, 4800H). 
sPP-(CH2)3NH2. An oven-dried 300 mL Schlenk adapted round bottom flask was 
cooled under vacuum and charged with sPP-(CH2)3N3 (4.0 g, 0.67 mmol) and LiAlH4 
(0.13 g, 3.33 mmol). THF (150 mL) was cannulated into the flask and the mixture was 
heated to 60 °C. After 4 hours, the solution was cooled to 0 °C and methanol was 
added slowly to the flask. The polymer was collected, dissolved in hot toluene and 
filtered through a glass frit layered with silica, alumina, and Celite. The toluene was 
removed and the polymer was dried in vacuo to constant weight (3.7 g, 92% yield). 
Mn(GPC) = 8,300 g/mol, Mw/Mn = 1.50, Mn(
1
H NMR) = 15,000 g/mol. 
1
H NMR (500 
MHz, C2D2Cl4, 75 °C): ! 2.65 (d, 2H), ! 0.68-1.72 (m, 2000H). 
sPP-(CH2)3NHCOC6H5. An oven-dried Schlenk tube was cooled under vacuum and 
charged with sPP-(CH2)3NH2 (0.15 g, 0.025 mmol). Toluene (1 mL) and triethylamine 
(0.035 mL, 0.25 mmol) were syringed into the flask followed by the benzoyl chloride 
(0.03 mL, 0.25 mmol). The reaction mixture was then heated to 100 °C. After 12 
hours, the solution was cooled to room temperature and the polymer was precipitated 
with methanol (100 mL). The polymer was collected, dissolved in hot toluene and 
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filtered through a glass frit layered with silica, alumina, and Celite. The toluene was 
removed and the polymer was dried in vacuo to constant weight (0.12 g, 80% yield). 
Mn(GPC) = 6,400 g/mol, Mw/Mn = 1.72, Mn(
1
H NMR) = 18,000 g/mol. 
1
H NMR (500 
MHz, C2D2Cl4, 75 °C): ! 7.42 (d, 2H), ! 7.28 (t, 1H), ! 7.19 (t, 2H), ! 3.98 (t, 2H), ! 
0.68-1.72 (m, 2600H). 
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Chapter 3 
Synthesis of Star, Miktoarm Star, and H-Polymers from 
Allyl-Terminated Syndiotactic Polypropylene 
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3.1 Introduction 
The ability to control bulk polymer properties through manipulation of 
molecular weight, stereochemistry and polymer structure remains an overarching goal 
in the field of polymer chemistry.  For single site olefin polymerization catalysts,
1,2
 
control over polymer stereochemistry ultimately results in polymers with dramatically 
different properties. For example, atactic polypropylene is an amorphous polymer (Tm 
= none) with no stereoregularity observed for the pendant methyl groups, whereas 
syndiotactic and isotactic polypropylene are semicrystalline polymers (Tm = 148 °C 
and 165 °C, respectively) with high degrees of stereoregularity present in both 
polymers.
3
 In addition to stereochemical control, the regulation of molecular weight 
has been achieved using living polymerization methods, which are void of chain 
termination events. Cationic,
4,5
 anionic,
6
 radical
7-9
 and coordination-insertion
10,11
 
polymerization systems have been extensively studied for their ability to produce 
polymers with controlled molecular weights. Beyond simple linear polymers, many of 
these controlled polymerization systems have been employed in the synthesis of well-
defined branched polymers including star, miktoarm star and H-polymers (Figure 
3.1).
6,12-15
 
 
 
 
 
 
 
 
 
Figure 3.1. Representative structures of star (left), miktoarm star (middle) and H-
polymers (right). 
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Interestingly, the presence of even a small amount of long-chain branching in a 
polymer has been shown to significantly affect the observed physical properties.
16,17
 
This is particularly evident when one compares low-density polyethylene (LDPE, 
Figure 3.2), a branched polymer, to its linear counterpart, high-density polyethylene 
(HDPE). While many physical properties of HDPE (e.g. tensile strength, toughness, 
hardness, etc.)
16,17
 are superior to those of LDPE; it has been shown that LDPE is far 
easier to process than HDPE due to the presence of long-chain branches. The high 
melt strength of LDPE compared with HDPE makes LDPE an ideal polymer for 
applications such as blow molding, thermoforming and foaming.
18,19
 These processing 
applications are also typically unsuccessful with conventional linear polypropylene, 
which also has poor melt strength.
20-25
 However, the incorporation of long chain 
branches in polypropylene has been shown to increase the melt strength of the 
polymer up to ten times that of its linear analog.
25
 It is quite apparent that the presence 
of long-chain branches in polyethylene and polypropylene improves processabilty, but 
the effects of this long-chain branching can be difficult to quantify in randomly 
branched systems such as LDPE. Therefore, the synthesis of well-defined branched 
polymer systems has been targeted by many different research groups in an effort to 
relate branching to observed polymer properties.
26-38
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Schematic representation of HDPE (left) and LDPE (right). 
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 The simplest branched polymer is the star polymer, which consists of linear 
polymer chains emanating from a single core. Star polymers are typically synthesized 
through one of three different methods (Scheme 3.1): (1) coupling of functionalized 
polymer arms to a multifunctional core, (2) core out polymerization utilizing a 
multifunctional initiator or (3) through the addition of a dialkene at the end of the 
polymerization.
6
 The first two synthesis methods result in well-defined star polymers 
with a known number of branches, whereas the final method results in star-like 
polymers with an average number of branches. In addition to basic star polymers, 
these synthesis methods have also been utilized in the production of more complex  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.1. General star polymer synthesis methods. 
Multifunctional 
 
Coupling Agent 
Multifunctional 
 
Initiator 
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branched polymers, namely miktoarm stars and h-polymers. Miktoarm stars are 
simply star polymers containing chemical asymmetry, which includes star polymers 
with different molecular weight arms, end groups or arm compositions.
39
 Slightly 
more complex in nature, H-polymers contain four linear polymers emanating from two 
cores (2 polymers per core) that are typically linked together by a polymer chain 
which may or may not be the same chemical composition as the arms.
6,12
 
In 1948, Schaefgen and Flory described the synthesis of the first star polymers 
through reaction of !-caprolactam with either cyclohexanone tetrapropionic or 
dicyclohexanone octacarboxylic acid to obtain the four or eight arm star, 
respectively.
40
 Since that seminal discovery, anionic polymerization methods have 
lead the field in the production of well-defined branched polymers.
6
 In particular, 
quenching living anionic polymerizations with multifunctional electrophiles such as 
chlorosilanes has resulted in the successful production of polystyrene,
41-43
 
polybutadiene
44-46
 and polymethylmethacrylate
47,48
 star polymers, to name a few. 
Anionic polymerization methods have also been utilized in the production of 
polyethylene model compounds with well-defined branching. For example, the anionic 
polymerization of butadiene (Scheme 3.2) resulting in 1,4-butadiene enchainments 
followed by hydrogenation results in linear polyethylene.
45,46
 Quenching the butadiene 
polymerization with trichloromethylsilane and hydrogenating results in a three-arm 
polyethylene star suitable for the systematic study of long-chain branching in 
polyethylene.  Similarly, the anionic polymerization of 2-methyl-1,3-pentadiene 
(Scheme 3.2) and subsequent hydrogenation of the polymer results in polypropylene.
49
 
Overall, the polymer hydrogenation is unselective and atactic polypropylene is 
obtained from the anionic polymerization. Quenching the anionic polymerization of 2-
methy-1,3-pentadiene with polystyrene functionalized chlorosilanes has been achieved 
and the resultant miktoarm star studied in detail.
50,51
 Despite all of the advances in the 
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field, anionic polymerization techniques have not resulted in star polymers equipped 
with isotactic or syndiotactic polypropylene arms due to the unselective nature of the 
hydrogenation. 
 
 
 
 
 
 
 
Scheme 3.2. Synthesis of polyethylene and atactic polypropylene using anionic 
polymerization/hydrogenation of butadiene and 2-methyl-1,3-pentadiene. 
 
Stereoregular polypropylene can be obtained through the use of heterogeneous 
and homogenous single-site olefin polymerization catalysts, which offer remarkable 
control over polymer stereochemistry and molecular weight.
1
 Unlike anionic 
polymerization, well-defined branched polyolefins can be challenging to produce 
using traditional metal mediated polymerizations. In 2008, Coates and coworkers 
reported the homo polymerization of allyl-terminated poly(ethylene-co-propylene) 
using a living nickel !-diimine catalyst, which resulted in star-like polymers 
containing up to 16 branches per sample. Although not nominally stars, these 
polymers were shown to possess star-like conformations in dilute solutions.
52 
In 
another example employing end-functionalized polymers, Kaneko and co-workers 
utilized methacryloly terminated poly(ethylene-co-propylene) in free radical 
copolymerization with methyl methacrylate.
53,54
 With this method, graft and star 
copolymers were produced containing poly(methyl methacrylate) backbones and 
poly(ethylene-co-propylene) branches. The first example of a well-defined star 
s-BuLi Hydrogenation
s-BuLi Hydrogenation
PE
aPP
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polyolefin produced using coordination-insertion polymerization came from Zhang 
and coworkers in 2009.
55
 Utilizing a trinuclear !-diimine Pd catalyst capable of living 
ethylene polymerization, a series of three-arm star polymers containing mostly linear 
polyethylene with some short chain branches was produced. There remain a limited 
number well-defined branched polyolefins produced from transition metal catalysts 
reported in the literature today. To the best of our knowledge, star polymers containing 
isotactic or syndiotactic polypropylene arms have not been reported to date. 
Therefore, our efforts focused on the synthesis of star polymers containing 
syndiotactic polypropylene arms utilizing end-functionalized polymers and 
multifunctional coupling agents. For a detailed discussion on the synthesis of end-
functionalized polyolefins, refer to chapter two. To synthesize well-defined branched 
materials, multifunctional compounds capable of efficient reaction with end-
functionalized polymers were employed. In 2001, the term “click chemistry” was 
coined by Sharpless and coworkers
56
 and describes reactions that are high yielding, 
modular, wide in scope and stereospecific.
57-60
 In addition, simple reaction conditions 
that result in facile product isolation from inoffensive byproducts are required, making 
these reactions ideally suited for the production of branched polyolefins. Most click 
reactions fall into one of four reaction classes (Scheme 3.3): (1) cycloadditions of 
unsaturated species including 1,3-dipolar cycloadditions and Diels-Alder reactions (2) 
nucleophilic substitution, in particular ring-opening reactions of strained heterocyclic 
electrophiles such as aziridines and epoxides (3) non-aldol carbonyl chemistry for the 
formation of ureas, thioureas, aromatic heterocycles, hyrazones and amides (4) 
addition to carbon-carbon multiple bonds including epoxidation, dihydroxylation and 
aziridination. These high yielding reactions have been exploited in a variety of 
different areas including drug discovery,
61
 biomedical applications
62
 and polymeric  
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Scheme 3.3. “Click” reactions in organic chemistry. 
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materials.
63-74
 In particular, polymer chemists have utilized “click chemistry” to  
produce block, star, comb and graft polymers, many of which would be difficult to 
produce using traditional polymerization methods.
63-74
 
Herein we report the synthesis of several branched polyolefin materials. 
Utilizing trifunctional-coupling agents along with end-functionalized syndiotactic 
polypropylene, three-arm star polymers containing different cores were produced. Di- 
and trifunctional coupling agents with orthogonal functionalities were also synthesized 
and employed in the production of diblock, triblock, miktoarm star and H-polymers. 
To the best of our knowledge, well-defined branched polymers of isotactic or 
syndiotactic polypropylene have not been reported to date.  This represents the first 
report of star, miktoarm star and H-polymers bearing semicrystalline polypropylene. 
 
3.2 Results and Discussion 
3.2.1 Synthesis of Star Polymers Containing Ester Functional Groups 
 Employing the end-functionalized polypropylene discussed in chapter two, 
several star polymers were produced. Initial investigations focused on using hydroxyl-
terminated syndiotactic polypropylene (see section 2.2.4) in conjunction with acid 
chlorides to generate ester-functionalized polypropylene. In addition to a three-arm 
star polymer, model compounds were also produced. The reactivity of the hydroxyl-
terminated polymer was initially tested with benzoyl chloride (Scheme 2.8), an acid 
chloride containing a single reactive functional group. Combining the polymer with 
benzoyl chloride, triethylamine and toluene at 100 °C resulted in conversion of the 
hydroxyl- to ester-terminated polypropylene. Examination of the 
1
H NMR spectrum 
(Figure 3.3) revealed three resonances in the aromatic region (! 8.04, 7.57 and 7.45 
ppm) and a signal attributed to the protons adjacent to the ester (! 4.31) as well as 
complete disappearance any starting material resonances. Under the same reaction 
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conditions described above (Scheme 3.4), two equivalents of the hydroxyl-terminated 
polymer were combined with a single equivalent of terepthaloyl chloride and a two-
arm, linear polymer was obtained. By GPC (Figure 3.4), an increase in the molecular 
weight and a decrease in molecular weight distribution was observed for the two-arm 
polymer (Mn = 8,100 g/mol, Mw/Mn = 1.59, Table 3.1) compared with the hydroxyl-
terminated polymer (Mn = 4,600 g/mol, Mw/Mn = 1.90). According to polymer theory 
laid out by Schulz and Flory, star polymer molecular weight distribution will decrease 
as the number of arms linked together increases.
40,75,76
 By relating the molecular 
weight distribution of the individual polymer arm ((Mw/Mn)arm) to the total number of 
arms ( f ) a theoretical molecular weight distribution for the star polymer [(Mw/Mn)
Theo
] 
can be obtained (Equation 3.1). For the two-arm polymer, theory predicts a narrower 
molecular weight distribution ((Mw/Mn)
Theo
 = 1.45) based on the molecular weight 
distribution of the starting hydroxyl-terminated polypropylene ((Mw/Mn)arm = 1.90). 
The presence of unfunctionalized polymer chains in the starting material explains the 
slight increase in molecular weight distribution compared to the theoretical value. 
Additionally, analysis of the 
1
H NMR spectrum revealed an aromatic signal (! 8.10) 
along with a single resonance (! 4.34) attributed to the protons adjacent to the ester. 
Finally, the three-arm star polymer was produced by combining the hydroxyl-
terminated polypropylene with 1,3,5-benzenetricarbonyl trichloride, triethylamine and 
toluene at 100 °C. End-group analysis of the resultant polymer revealed a single 
aromatic resonance (! 8.83) as well as a signal (! 4.34) attributed to the protons 
adjacent to the ester. By GPC (Figure 3.4, Table 3.1), the molecular weight (Mn = 
13,000 g/mol) increased compared with the hydroxyl-terminated polymer, which is  
 
Equation 3.1.   (Mw/Mn)
Theo
 = 1 + [(Mw/Mn)arm – 1]/f
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Scheme 3.4. Synthesis of (sPP(CH2)3OCO)2C6H4 (two-arms) and (sPP(CH2)3OCO)3C6H3 (three-arms).
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Figure 3.3. sPP(CH2)3OCOC6H5 (one-arm), (sPP(CH2)3OCO)2C6H4 (two-arms) and 
(sPP(CH2)3OCO)3C6H3 (three-arms) 
1
H NMR spectra (500 MHz, 1,1,2,2-
tetrachloroethane-d2 (TCE), 75 °C). 
 
consistent with coupling three chains to a single core. Furthermore, the observed 
molecular weight distribution (Mw/Mn = 1.43) compares well with the theoretical 
molecular weight distribution ((Mw/Mn)
Theo
 = 1.30). 
The thermal properties of the ester-functionalized polypropylenes (Table 3.1) 
were investigated in collaboration with Dr. Rufina Alamo and her graduate student, 
Syed Asif Abdullah, at Florida State University. Comparison of the crystallization 
temperatures for the linear and branched polymers reveals that the three-arm star 
 
TCE 
TCE 
TCE 
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Table 3.1. Syndiotactic polypropylene with ester functionality characterization. 
 Polymer f 
a 
Mn 
(g/mol)
b 
Mw/Mn
b 
Mw/Mn
Theo 
Tc 
(°C)
d 
Tm 
(°C)
d 
!Hm 
(J/g)
d 
1 sPP-OH 1 4,600 1.90 1.90
c 
66 110 46 
2 sPP-OCOC6H5 1 6,000 1.60 1.90
c 
72 116 10 
3 (sPP-OCO)2C6H4 2 8,100 1.59 1.45
c 
58 109 44 
4 (sPP-OCO)3C6H3 3 13,000 1.43 1.30
c 
73 110 43 
a
 total number of arms. 
b 
Molecular weight (Mn) and molecular weight distribution 
(Mw/Mn) were determined
 
by gel permeation chromatography at 140 °C in 1,2,4-
trichlorobenzene relative to polyethylene standards. 
c
 Theoretical molecular weight 
distribution (Mw/Mn
Theo
) was determined using the equation: 1 + [(Mw/Mn)arm – 1]/f 
where (Mw/Mn)arm is the molecular weight distribution of sPP-OH (1.90). 
d
 Determined 
using differential scanning calorimetry (second heat).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. GPC chromatogram of sPP(CH2)3OH (black), (sPP(CH2)3OCO)2C6H4 
(blue) and (sPP(CH2)3OCO)3C6H3 (green). 
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polymer (Tc = 73 °C) crystallized much faster than the hydroxyl-terminated polymer 
(Tc = 66 °C). Faster nucleation of the star polymer is a result of increased restrictions 
to crystal evolution due to the long-chain branched nature of the polymer. 
Interestingly, the two-arm linear polymer (Tc = 58 °C) actually displays a lower 
crystallization temperature than the hydroxyl-terminated polymer. It is possible that 
the presence of the benzene ring is enough of a perturbation in the chain to effect 
nucleation and growth. It is postulated that the effect of this perturbation is not large 
enough to override long-chain branching in the three-arm star polymer and thus 
increased crystallization is still observed. Branching was not found to have a dramatic 
effect on melting temperature with the three-arm polymer (Tm = 110 °C) exhibiting a 
nearly identical melting temperature to the hydroxyl-terminated polymer (Tm = 110 
°C). Based on 
1
H NMR and GPC evidence as well as observed changes in 
crystallization behavior, a new three-arm star polymer along with one-arm and two-
arm model compounds bearing syndiotactic polypropylene arms have been 
synthesized through reaction of an end-functionalized polymer with mono-, di- or tri-
acid chlorides. 
 
3.2.2 Synthesis of Star Polymers with Triazole Functional Groups 
 Utilizing a copper (I) catalyzed cycloaddition reaction of azide-terminated 
syndiotactic polypropylene (see section 2.2.7) and a trialkyne, a star polymer bearing 
triazole functionalities was produced. Several alkynes were investigated for their 
reactivity with the azide-terminated polypropylene. Initial reactivity was explored 
using phenylacetylene, a mono-alkyne (Scheme 2.11), along with azide-terminated 
syndiotactic polypropylene and copper iodide at 80 °C. The reaction did not proceed 
to completion in toluene or DMSO, however, a mixture of the two solvents resulted in 
complete conversion to azide-terminated polymer. Toluene was deemed necessary to 
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keep the syndiotactic polymer in solution and DMSO was required for the 
cycloaddition reaction to proceed. The solvent ratio proved to be very important with 
3:1 toluene:DMSO giving complete conversion to product. End group analysis (Figure 
3.5) of the resultant polymer revealed four aromatic resonances (! 7.83, 7.73, 7.44 and 
7.35 ppm) as well as a signal for the protons adjacent to the triazole new triazole ring 
(! 4.37). Utilizing the conditions described above, two equivalents of the azide-
terminated polypropylene were combined with a dialkyne, 1,4-diethynylbenzene 
(Scheme 3.5), and the two-arm, linear polymer was obtained. Analysis of the 
1
H NMR 
spectrum of the resultant polymer revealed a new resonance for the protons adjacent to 
the triazole ring (! 4.38) as well as two aromatic resonances (! 7.90 and 7.77 ppm). 
By GPC (Table 3.2), the molecular weight (Mn = 13,000 g/mol) increased compared 
with the azide-terminated polymer (Mn = 7,700 g/mol, Mw/Mn = 1.48) and molecular 
weight distribution remained constant (Mw/Mn = 1.45). Finally, a three-arm star 
polymer was produced utilizing the above reaction conditions along with three 
equivalents of azide-terminated polypropylene and a trialkyne, 1,3,5-
triethynylbenzene. End-group analysis of the resultant polymer revealed two aromatic 
resonances (! 8.30 and 7.94 ppm) and a single resonance associated with the protons 
adjacent to the triazole ring (! 4.41). By GPC (Figure 3.6, Table 3.2), the molecular 
weight of the polymer (Mn = 13,000 g/mol, Mw/Mn = 1.59) was determined and found 
to be smaller than expected due to the presence of some unreacted azide-terminated 
polymer (Mn = 7,700 g/mol, Mw/Mn = 1.48) in the product mixture. Filtration of the 
polymer mixture over silica gel with hot toluene successfully removed residual one or 
two-arm polymers, however, attempts to separate the three-arm polymer from the 
azide-terminated polymer were unsuccessful. 
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Scheme 3.5. Synthesis of (sPP(CH2)3C2HN3)2C6H4 (two-arms) and (sPP(CH2)3C2HN3)3C6H3 (three-arms) polymers.
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Figure 3.5. sPP(CH2)3C2HN3C6H5 (one-arm), (sPP(CH2)3C2HN3)2C6H4 (two-arms) 
and (sPP(CH2)3C2HN3)3C6H3 (three-arms) 
1
H NMR spectra (500 MHz, 1,1,2,2-
tetrachloroethane-d2 (TCE), 75 °C). 
 
Table 3.2. Syndiotactic polypropylene with triazole functionality characterization. 
 Polymer f 
a 
Mn 
(g/mol)
b 
Mw/Mn
b 
Mw/Mn
Theo 
Tc 
(°C)
d 
Tm 
(°C)
d 
!Hm 
(J/g)
d 
1 sPP-N3 1 7,700 1.48 1.48
c 
75 114 23 
2 sPP-C2HN3C6H5 1 6,700 1.70 1.48
c 
72 114 30 
3 (sPP-C2HN3)2C6H4 2 13,000 1.45 1.24
c 
NM
e 
NM
e 
NM
e 
4 (sPP-C2HN3)3C6H3 3 13,000 1.59 1.16
c 
68 114 37 
a
 total number of arms. 
b 
Molecular weight (Mn) and molecular weight distribution 
(Mw/Mn) were determined
 
by gel permeation chromatography at 140 °C in 1,2,4-
trichlorobenzene relative to polyethylene standards. 
c
 Theoretical molecular weight 
distribution (Mw/Mn
Theo
) was determined using the equation: 1 + [(Mw/Mn)arm – 1]/f 
where (Mw/Mn)arm is the molecular weight distribution of sPP-N3 (1.48). 
d
 Determined 
using differential scanning calorimetry (second heat). 
e
 Not measured. 
TCE 
TCE 
TCE 
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Figure 3.6. sPP(CH2)3C2HN3C6H5 (black) and (sPP(CH2)3C2HN3)3C6H3 (blue) GPC 
chromatogram. 
 
Investigations into the thermal properties of the triazole-functionalized 
polymers were also carried out (Table 3.2). Unlike the ester-functionalized polymers, 
a decrease in crystallization temperature (Tc = 68 °C) was observed for the three-arm 
polymer compared with the azide-terminated polypropylene (Tc = 75 °C). The 
presence of residual azide-terminated polymer in the three-arm star is likely effecting 
the crystallization behavior and therefore increased temperatures are not observed for 
the star polymer. Similar to the ester series, the three-arm star polymer (Tm = 114 °C) 
displayed a similar melting temperature to the linear, azide-terminated polypropylene 
(Tm = 114 °C). Based on 
1
H NMR and GPC data, a new three-arm star polymer as well 
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as linear one-arm and two-arm model compounds were produced using a copper (I) 
catalyzed cycloaddition reaction. 
 
3.2.3 Synthesis of Star Polymers with Amide Functional Groups 
 A final set of polymers was synthesized utilizing amine-terminated 
syndiotactic polypropylene (see section 2.2.9). To probe the reactivity of the amine-
terminated polymer, the synthesis of a model compound was investigated (Scheme 
2.13). Combining the amine-terminated polymer with benzoyl chloride, triethylamine 
and toluene at 100 °C results in the formation of a new amide linkage. End-group 
analysis (Figure 3.7) of the resultant polypropylene revealed complete disappearance 
of the amine resonance (! 2.65) and the appearance of three aromatic signals (! 7.42, 
7.28 and 7.19 ppm) as well as a resonance attributed to the protons adjacent to the 
amide (! 3.98). Using the procedure established for the mono-amide, the 
corresponding di-amide was synthesized from two equivalents of the amine- 
terminated polypropylene and terepthaloyl chloride (Scheme 3.6). By GPC (Figure 
3.8, Table 3.3), molecular weight (Mn = 12,000 g/mol) of the resultant two-arm 
polymer was observed to increase and the molecular weight distribution (Mw/Mn = 
1.44) decreased compared to the amine-terminated polymer (Mn = 8,300 g/mol, Mw/Mn 
= 1.50), which is consistent with linking polymer chains together. Analysis of the 
1
H 
NMR spectrum showed an aromatic signal (! 7.81) as well as a single resonance (! 
3.48) attributed to the protons adjacent to the amide. Having successfully synthesized 
the linear two-arm polymer, the star polymer was produced through reaction of three 
equivalents of the amine-terminated polypropylene with 1,3,5-benzenetricarbonyl 
trichloride in the presence of triethylamine and toluene at 100°C. The resultant 
polymer displayed an increase in molecular weight (Mn = 13,000 g/mol) by GPC as 
well as an increase in molecular weight distribution (Mw/Mn = 1.73). End-group 
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analysis of the amide linkages in the star polymer was not possible due to significant 
broadening of the 
1
H NMR spectrum (Figure 3.7). Triamides, like the three-arm star 
polymer produced here, are known to form supramolecular structures through 
intermolecular hydrogen bonding.
77-80
 It is likely that the triamide cores in the three-
arm star syndiotactic polypropylene are stacking on top of one another forming a 
supramolecular polymer resulting in broadening of both the GPC and 
1
H NMR 
spectra. This behavior was not observed for the one-arm or two-arm polymers, which 
further confirms the formation of the three-arm star polymer.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. sPP(CH2)3NHCOC6H5 (one-arm), (sPP(CH2)3NHCO)2C6H4 (two-arms) 
and (sPP(CH2)3NHCO)3C6H3 (three-arms) 
1
H NMR spectra (500 MHz, 1,1,2,2-
tetrachloroethane-d2 (TCE), 75 °C). 
TCE 
TCE 
TCE 
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Scheme 3.6. Synthesis of (sPP(CH2)3NHCO)2C6H4 (two-arms) and (sPP(CH2)3NHCO)3C6H3 (three-arms) polymers.
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Table 3.3. Syndiotactic polypropylene with amide functionality characterization. 
 Polymer f 
a 
Mn 
(g/mol)
b 
Mw/Mn
b 
Mw/Mn
Theo 
Tc 
(°C)
d 
Tm 
(°C)
d 
!Hm 
(J/g)
d 
1 sPP-NH2 1 8,300 1.50 1.50
c 
76 116 37 
2 sPP-NHCOC6H5 1 6,400 1.72 1.50
c 
67 114 25 
3 (sPP-NHCO)2C6H4 2 12,000 1.44 1.25
c 
70 114 36 
4 (sPP-NHCO)3C6H3 3 13,000 1.73 1.17
c 
85 111 26 
a
 total number of arms. 
b 
Molecular weight (Mn) and molecular weight distribution 
(Mw/Mn) were determined
 
by gel permeation chromatography at 140 °C in 1,2,4-
trichlorobenzene relative to polyethylene standards. 
c
 Theoretical molecular weight 
distribution (Mw/Mn
Theo
) was determined using the equation: 1 + [(Mw/Mn)arm – 1]/f 
where (Mw/Mn)arm is the molecular weight distribution of sPP-NH2 (1.50). 
d
 
Determined using differential scanning calorimetry (second heat).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. sPP(CH2)3NHCOC6H5 (black), (sPP(CH2)3NHCO)2C6H4 (blue) and 
(sPP(CH2)3NHCO)3C6H3 (green) GPC chromatogram. 
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The thermal properties of the amide-functionalized polymers were investigated 
using differential scanning calorimetry (Table 3.3). Long-chain branching in the three-
arm polymer was found to significantly alter crystallization temperature (Tc = 85 °C) 
compared with the amine-terminated polymer (Tc = 76 °C) and the mono-amide, sPP-
NHCOC6H5 (Tc = 67 °C). The linear two-arm polymer, (sPP-NHCO)2C6H4, also 
displayed a decreased crystallization temperature (Tc = 70 °C) compared with the 
three-arm star polymer. Small differences in melting temperatures were observed for 
the three-arm polymer (Tm = 111 °C), two-arm polymer (Tm = 114 °C) and the amine-
terminated polypropylene (Tm = 116 °C). Based on the 
1
H NMR, GPC and thermal 
data, a three-arm star polymer bearing amide functional groups has been produced. 
Furthermore, three different click reactions were utilized to produce three new 
syndiotactic star polymers from different end-functionalized polypropylenes. To the 
best of our knowledge, this is the first report of star polymers bearing syndiotactic 
polypropylene arms. 
 
3.2.4 Synthesis of sPP-block-PEG 
In an attempt to produce the more complex miktoarm star and H-polymer we 
investigated a series of amphiphilic block copolymers. These types of block 
copolymers have been shown to exhibit unique self-assembly properties due to the 
presence of hydrophobic and hydrophilic polymers.
81-84
 In 1997, Hillmyer and 
coworkers were able to produce diblock copolymers of polyethylene glycol and 
poly(ethyl ethylene). The resultant block copolymers formed ordered structures 
through aggregation of the hydrophobic polymer chain ends resulting in a micellar 
structure.
85
 To the best of our knowledge, amphiphilic block copolymers of 
syndiotactic polypropylene and polyethylene glycol have not be reported to date. 
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Scheme 3.7. Synthesis of a difunctional coupling agent. 
 
 Before synthesizing the more structurally complex miktoarm and h-polymers, 
the synthesis of di- and triblock copolymers was investigated. Production of these 
block copolymers required the synthesis of a difunctional coupling agent containing 
orthogonal functional groups, which were capable of reacting with end-functionalized 
polymers in an efficient manner. Inspired by work in the area of amino acid based 
dendrimers,
86-88
 a difunctional coupling agent containing an alkyne as well as a 
carboxylic acid, which could easily be converted to the corresponding acid chloride, 
was synthesized (Scheme 3.7). Combining the commercially available methyl-4-
hydroxybenzoate with propargyl bromide and potassium carbonate in DMF at room 
temperature resulted in the propargyl substitution of the hydroxyl moiety. The methyl 
ester was then converted to the carboxylic acid through reaction with sodium 
hydroxide in a mixture of dioxane and methanol. Having a small molecule, which was 
capable of reaction with hydroxyl- or azide-terminated polypropylene, the production 
of diblock and triblock copolymers was pursued. 
To enhance reactivity with hydroxyl-terminated polymers, the carboxylic acid 
was converted to an acid chloride through reaction with oxalyl chloride in toluene at 
70 °C. Immediately upon removal of the excess oxalyl chloride, the resultant acid 
chloride was combined with polyethylene glycol methyl ether (Mn = 5,000 g/mol), 
triethylamine and toluene at 100 °C (Scheme 3.8). End group analysis of the resultant 
functionalized polyethylene glycol (Figure 3.9) revealed two aromatic signals (! 8.00 
O
O
O
OH
1. K2CO3, DMF, 80 °C
    Propargyl Bromide
2. Dioxane, Methanol
    4M NaOH, rt
HO O
 174 
and 6.98 ppm), a single resonance attributed to the protons adjacent to the ester (! 
4.43) and two signals for the propargyl group (! 4.73 and 2.56 ppm). To produce the 
diblock copolymer, the functionalized polyethylene glycol was combined with azide- 
terminated syndiotactic polypropylene (Mn = 7,700 g/mol, Mw/Mn = 1.48), copper 
iodide, and a mixture of DMSO and toluene at 80 °C. By GPC (Figure 3.10, Table 
3.4), the molecular weight of the resultant polymer (Mn = 10,000 g/mol) increased and 
the molecular weight distribution (Mw/Mn = 1.37) decreased relative to the starting 
polymers, which is consistent with linking polymer chains together. End-group 
analysis of the diblock copolymer revealed two aromatic resonances attributed to the 
benzene ring (! 8.01 and 7.06 ppm), three signals attributed to the triazole ring and the 
protons adjacent to it (! 7.59, 5.26 and 4.43 ppm) as well as a single resonance 
attributed to the protons adjacent to the ester (! 4.34 ppm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.8. Synthesis of PEG bearing one difunctional coupling agent and sPP-
block-PEG. 
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The thermal properties of the sPP-co-PEG and its polymer precursors were 
investigated using differential scanning calorimetry. As expected, the diblock 
copolymer displayed two melting temperatures (Tm = 53 and 113 °C). The first 
endotherm results from the PEG and is much lower than the melting temperature 
observed for the PEG homopolymer bearing one difunctional coupling agent (Tm = 63 
°C). The melting temperature of azide-terminated syndiotactic polypropylene (Tm = 
114 °C) is very similar to the second endotherm of the diblock copolymer. Analysis of 
the crystallization behavior revealed similar results with two crystallization 
temperatures (Tc = 36 and 69 °C) observed. The lower temperature exotherm 
corresponds to the PEG segment of the diblock and is comparable to the PEG 
homopolymer (Tc = 40 °C). The crystallization temperature of the azide-terminated 
syndiotactic polypropylene (Tc = 75 °C) is also similar to the higher temperature 
exotherm (Tc = 69 °C) of the diblock copolymer. The 
1
H NMR spectrum coupled with 
the molecular weight and thermal data confirms the formation of sPP-block-PEG. 
 
 
Table 3.4. Characterization of di- and triblock copolymers containing sPP and PEG. 
 Polymer Mn (g/mol)
a 
Mw/Mn
a 
Tc (°C)
b 
Tm (°C)
b 
!Hm (J/g)
b 
1 Diblock 10,000 1.37 36      
69 
53    
113 
8            
11 
2 Triblock 11,000 1.39 33      
74 
50    
110 
18          
36 
a
 Molecular weight (Mn) and molecular weight distribution (Mw/Mn) were determined
 
by gel permeation chromatography at 140 °C in 1,2,4-trichlorobenzene relative to 
polyethylene standards. 
b
 Differential scanning calorimetry (second heat). 
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Figure 3.9. 
1
H NMR spectra of PEG bearing one difunctional coupling agent (500 
MHz, chloroform-d (C), 22 °C) and sPP-block-PEG (500 MHz, 1,1,2,2-
tetrachloroethane-d2 (TCE), 75 °C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. sPP-(CH2)3-N3 (black) and sPP-block-PEG (blue) GPC chromatogram. 
TCE 
C 
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3.2.5 Synthesis of sPP-block-PEG-block-sPP 
Having successfully produced a diblock copolymer of syndiotactic 
polypropylene and polyethylene glycol, the production of a triblock copolymer was 
targeted. After converting the carboxylic acid to the acid chloride utilizing oxalyl 
chloride, two equivalents the difunctional coupling agent were combined with 
dihydroxyl-terminated polyethylene glycol (Mn = 8,000 g/mol) in the presence of 
triethylamine and toluene at 100 °C (Scheme 3.9). End-group analysis of the resultant 
polymer (Figure 3.11) revealed two aromatic signals (! 8.00 and 6.99 ppm), a single 
resonance associated with the protons adjacent ester (! 4.44) and two signals attributed 
to the propargyl group and the protons adjacent to it (! 4.76 and 2.56 ppm). The  
 
 
  
  
  
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.9. Synthesis of PEG bearing two difunctional coupling agents and sPP-
block-PEG-block-sPP.  
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Figure 3.11. Synthesis of PEG bearing two difunctional coupling agents (500 MHz, 
chloroform-d (C), 22 °C) and sPP-block-PEG-block-sPP (500 MHz, 1,1,2,2-
tetrachloroethane-d2 (TCE), 75 °C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12. sPP-(CH2)3-N3 (black) and sPP-block-PEG-block-sPP (blue) GPC 
chromatogram. 
TCE 
C 
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functionalized polyethylene glycol was then combined with two equivalents of the 
azide-terminated syndiotactic polypropylene (Mn = 7,700 g/mol, Mw/Mn = 1.48), 
copper iodide, DMSO and toluene at 80 °C. By GPC (Figure 3.12, Table 3.3), the 
resultant polymer displayed an increase in molecular weight (Mn = 11,000 g/mol) and 
a decrease in molecular weight distribution (Mw/Mn = 1.39) relative to the starting 
polymers, which are both indicative of successful linking of the polymer chains. 
Furthermore, end-group analysis showed the appearance of three resonances attributed 
to the triazole ring and protons adjacent to it (! 7.60, 5.26 and 4.45 ppm) as well as 
two aromatic signals for the benzene ring (! 8.02 and 7.05 ppm) and a single 
resonance for the protons adjacent to the ester (! 4.32). 
Using differential scanning calorimetry, the thermal properties of the sPP-co-
PEG-co-sPP and its polymer precursors were investigated. Similar to the diblock 
copolymer, the triblock copolymer displayed two melting temperatures (Tm = 50 and 
110 °C). The first endotherm results from the PEG midblock and is again lower than 
the melting temperature observed for the PEG homopolymer (Tm = 55 °C). Good 
agreement between the melting temperature of azide-terminated syndiotactic 
polypropylene (Tm = 114 °C) and the second endotherm of the diblock copolymer was 
obtained. Analysis of the crystallization behavior revealed similar results with two 
crystallization temperatures (Tc = 33 and 74 °C) observed. The crystallization 
temperature of the azide-terminated syndiotactic polypropylene (Tc = 75 °C) is nearly 
identical to the higher temperature exotherm (Tc = 74 °C) of the triblock copolymer.  
The lower temperature exotherm, which results from the PEG segment, is comparable 
to the PEG homopolymer (Tc = 38 °C). Based on the 
1
H NMR spectrum, molecular 
weight and thermal data, the triblock copolymer, sPP-block-PEG-block-sPP, was 
produced. 
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3.2.6 Synthesis of (sPP)2-block-PEG 
After successful synthesizing linear block copolymers, the production of simple 
branched polymers, namely miktoarm star and h-polymers, containing polyethylene 
glycol and syndiotactic polypropylene was investigated. To synthesize these branched 
block copolymers, a trifunctional coupling agent bearing orthogonal functional groups 
was required (Scheme 3.10). The commercially available carboxylic acid, 3,5- 
dihydroxybenzoic acid, was converted to the methyl ester with methanol and sulfuric 
acid. Using a mixture of potassium carbonate, DMF and propargyl bromide, the 
alkyne substituted compound was obtained. Finally, the methyl ester was converted 
back to the carboxylic acid through reaction with sodium hydroxide in a mixture of 
dioxane and methanol. With a small molecule bearing one carboxylic acid and two 
alkynes in hand, the production of a miktoarm star and h-polymer was pursued. 
 
 
 
 
 
Scheme 3.10.  Synthesis of a trifunctional coupling agent. 
 
To synthesize the miktoarm star, the trifunctional coupling agent was 
converted to the acid chloride through reaction with oxalyl chloride in toluene at 70 
°C. Upon removal of excess oxalyl chloride, the acid chloride was combined with 
polyethylene glycol methyl ether (Mn = 5,000 g/mol) in the presence of triethylamine 
and toluene at 100 °C (Scheme 3.11). End-group analysis of the resultant polymer 
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(Figure 3.13) revealed two aromatic signals (! 7.29 and 6.80 ppm), a single resonance 
attributed to the protons adjacent to the ester (! 4.44) and two signals for the propargyl 
group (! 4.70 and 2.5 ppm). To produced the miktoarm star, the functionalized 
polyethylene glycol was combined with two equivalents of the azide-terminated 
syndiotactic polypropylene (Mn = 7,700 g/mol, Mw/Mn = 1.48), copper iodide and a 
mixture of DMSO and toluene at 80 °C. By GPC (Figure 3.14, Table 3.5), the 
molecular weight of the resultant polymer (Mn = 11,000 g/mol. Mw/Mn = 1.46) 
increased relative to the molecular weight of the starting polymers, indicating chain 
coupling. Furthermore, end-group analysis of the miktoarm star revealed two aromatic 
resonances attributed to the benzene ring (! 7.33 and 6.93 ppm), three signals for the 
triazole ring and the protons adjacent to it (! 7.63, 5.23 and 4.44 ppm) as well as a 
single resonance attributed to the protons adjacent to the ester (! 4.32).  
The thermal properties of the (sPP)2-co-PEG and the polymers used in its 
synthesis were investigated. Similar to the di- and triblock copolymers, the miktoarm 
star displayed two melting temperatures (Tm = 53 and 109 °C). The PEG segment 
corresponds to the first endotherm and is lower than the melting temperature observed 
for the PEG homopolymer (Tm = 57 °C). The second endotherm also displayed a 
somewhat lower than the melting temperature than the corresponding azide-terminated 
syndiotactic polypropylene (Tm = 114 °C). The miktoarm star showed different 
crystallization behavior than the di- and triblock copolymers with only one 
crystallization temperature (Tc = 52 °C) observed. The crystallization temperature is 
midway between the azide-terminated syndiotactic polypropylene (Tc = 75 °C) and the 
PEG homopolymer (Tc = 43 °C). The 
1
H NMR spectrum coupled with the thermal 
data and observed increases in molecular weight confirms the formation of the 
miktoarm star, (sPP)2-block-PEG. 
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Scheme 3.11. Synthesis of PEG bearing one trifunctional coupling agent and (sPP)2-
block-PEG. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13. 
1
H NMR spectra of PEG bearing one trifunctional coupling agent (500 
MHz, chloroform-d (C), 22 °C) and (sPP)2-block-PEG (500 MHz, 1,1,2,2-
tetrachloroethane-d2 (TCE), 75 °C ). 
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Figure 3.14. sPP-(CH2)3-N3 (black) and (sPP)2-block-PEG (blue) GPC chromatogram. 
 
 
Table 3.5. Characterization of miktoarm and h-polymers containing sPP and PEG. 
 Polymer Mn (g/mol)
a 
Mw/Mn
a 
Tc (°C)
b 
Tm (°C)
b 
!Hm (J/g)
b 
2 Miktoarm 10,000 1.37 52 53    
109 
3            
18 
3 H-polymer 11,000 1.39 84 59    
121 
3            
26 
a
 Molecular weight (Mn) and molecular weight distribution (Mw/Mn) were determined
 
by gel permeation chromatography at 140 °C in 1,2,4-trichlorobenzene relative to 
polyethylene standards. 
b
 Differential scanning calorimetry (second heat). 
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3.2.7 Synthesis of (sPP)2-block-PEG-block-(sPP)2 
Having successfully produced a miktoarm star polymer of syndiotactic 
polypropylene and polyethylene glycol, the synthesis of the H-polymer was targeted. 
After converting the trifunctional coupling agent to an acid chloride using oxalyl 
chloride, two equivalents of the resultant acid chloride were combined with the 
dihydroxyl-terminated polyethylene glycol (Mn = 8,000 g/mol) in the presence of 
triethylamine and toluene at 100 °C (Scheme 3.12). End-group analysis of the 
resultant polymer (Figure 3.16) revealed two aromatic signals (! 7.30 and 6.80 ppm), a 
single resonance associated with the protons adjacent ester (! 4.44) and two signals 
attributed to the propargyl and protons adjacent to it (! 4.70 and 2.57 ppm). The 
functionalized polyethylene glycol was then combined with azide-terminated 
syndiotactic polypropylene, copper iodide, DMSO and toluene at 80 °C. By GPC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.12. Synthesis of PEG bearing two trifunctional coupling agents and (sPP)2-
block-PEG-block-(sPP)2. 
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 (Figure 3.15, Table 3.5), the resultant polymer displayed an increase in molecular 
weight (Mn = 10,00 g/mol, Mw/Mn = 1.51) relative to the starting polymers, indicating 
successful linking of the polymer chains. Additionally, end-group analysis revealed 
three resonances attributed to the triazole and protons adjacent to it (! 7.61, 5.27 and 
4.34 ppm) as well as two aromatic signals for the benzene ring (! 7.36 and 6.98 ppm) 
and a single resonance for the protons adjacent to the ester (! 4.48).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15. sPP-(CH2)3-N3 (black) and (sPP)2-block-PEG-block-(sPP)2 (blue) GPC 
chromatogram. 
 
 
The thermal properties of the H-polymer, (sPP)2-co-PEG-co-(sPP)2, and its 
precursors were investigated. Similar to the other amphiphilic block copolymers, the 
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H-polymer displayed two melting temperatures (Tm = 59 and 121 °C). Interestingly, 
both endotherms were higher than the corresponding PEG (Tm = 56 °C) and azide-
terminated syndiotactic polypropylene (Tm = 114 °C) homopolymers used to produce 
the H-polymer. This increase in melting temperature was not observed with the 
previous copolymers. The H-polymer also displayed only one crystallization 
temperature (Tc = 84 °C), which was higher than the crystallization temperature of the 
azide-terminated syndiotactic polypropylene (Tc = 75 °C) and the PEG homopolymer 
(Tc = 37 °C). This increase is consistent with the crystallization behavior of the star 
polymers, which also contained long-chain branches.  Based on the 
1
H NMR spectrum 
as well as molecular weight and thermal data, the H-polymer, (sPP)2-block-PEG-
block-(sPP)2, was produced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16. 
1
H NMR spectra of PEG bearing two trifunctional coupling agents (500 
MHz, chloroform-d2 (C), 22 °C) and (sPP)2-block-PEG-block-(sPP)2 (500 MHz, 
1,1,2,2-tetrachloroethane-d2 (TCE), 75 °C). 
 
 
 
TCE 
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Figure 3.17. Differential scanning calorimetry (10 °C/min, second heat) thermogram 
of PEG bearing two trifunctional coupling agents. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18. Differential scanning calorimetry (10 °C/min, second heat) thermogram 
of azide-terminated syndiotactic polypropylene. 
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Figure 3.19. Differential scanning calorimetry (10 °C/min, second heat) thermogram 
of (sPP)2-block-PEG-block-(sPP)2. 
 
3.3 Conclusion 
Traditionally, well-defined and branched polymers of syndiotactic or isotactic 
polypropylene have been difficult to synthesize with coordination-insertion 
polymerization. Utilizing end-functionalized syndiotactic polypropylene along with 
multifunctional coupling agents, several branched polymers were synthesized. To the 
best of our knowledge, this is the first report of a star, miktoarm star or an H-polymer 
bearing semicrystalline polypropylene arms.  
 
3.4 Experimental 
General Procedures. All manipulations of air- and/or water-sensitive compounds 
were carried out under dry nitrogen using Braun UniLab drybox or standard Schlenk 
techniques. 
1
H and 
13
C{
1
H} NMR spectra of polymers were recorded using a Varian 
UnityInova (500 MHz) spectrometer equipped with a 
1
H/BB switchable with Z-pulse 
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field gradient probe operating and referenced versus residual non-deuterated solvent 
shifts. The polymer samples were dissolved in 1,1,2,2-tetrachloroethane-d2 in a 5 mm 
O.D. tube, and spectra were collected at 75 °C. End-group analysis for molecular 
weight determination was achieved by relative integration of the end-group vs alkyl 
peaks in the 
1
H NMR spectra. Additionally, molecular weights (Mn and Mw) and 
molecular weight distributions (Mw/Mn) were determined by high temperature gel 
permeation chromatography (GPC). Analyses were performed with a Waters Alliance 
GPCV 2000 GPC equipped with a Waters DRI detector and viscometer. The column 
set (four Waters HT 6E and one Waters HT 2) was eluted with 1,2,4-trichlorobenzene 
containing 0.01 wt % di-tert-butyl-hydroxytoluene (BHT) at 1.0 mL/min at 140 °C. 
Data were calibrated using monomodal polyethylene standards (from Polymer 
Standards Service). Differential scanning calorimetric analyses were performed in 
aluminum pans under nitrogen using a TA Instruments Q1000 calorimeter equipped 
with an automated sampler. Data were collected from the second heating run at a 
heating rate of 10 °C/min from 0 to 200 °C and were processed with the TA Q series 
software package. 
Materials. Toluene and THF were purified over columns of alumina and copper (Q5). 
For preparation of sPP-(CH2)3OH, sPP-(CH2)3OC(O)C6H5, sPP-(CH2)3N3, sPP-
(CH2)3(C2HN3)C6H5, sPP-(CH2)3NH2 and sPP-(CH2)3NHC(O)C6H5 see chapter two. 
Triethylamine was stirred over CaH2 for several days and vacuum distilled. 
Terephthaloyl chloride, 1,3,5-benzenetricarbonyl trichloride, 1,4-diethynylbenzene, 
1,3,5-triethynylbenzene, copper iodide, DMSO (anhydrous, >99%), methyl 
hydroxybenzoate, DMF (anhydrous,  >98%), propargyl bromide, poly(ethylene glycol 
methyl ether), oxalyl chloride, poly(ethylene glycol), 3,5-dihydroxy benzoic acid were 
purchased from commercial sources and used as received.  
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(sPP-(CH2)3OCO)2-C6H4. An oven-dried Schlenk flask was cooled under vacuum 
and charged with sPP-(CH2)3OH (0.50 g, 0.083 mmol) and 4 Å molecular sieves. 
Toluene (2 mL) was syringed into the flask followed by triethylamine (0.01 mL, 0.083 
mmol) and a 0.25 M THF solution of terephthaloyl chloride (0.18 mL, 0.046 mmol). 
The reaction mixture was heated to 100 °C. After 5 days, the flask was cooled to room 
temperature and the polymer was precipitated in methanol (100 mL). The polymer was 
collected, dissolved in hot toluene and filtered through a glass frit layered with silica, 
alumina, and Celite. The toluene was removed under reduced pressure and the 
polymer was dried in vacuo to constant weight (0.43 g, 86% yield). Mn(GPC) = 8,100 
g/mol, Mw/Mn = 1.59, Mn(
1H NMR) = 18,000 g/mol. 1H NMR (500 MHz, C2D2Cl4, 75 
°C): ! 8.10 (s, 4H), 4.34 (t, 4H), 0.68-1.72 (m, 2500H). 
(sPP-(CH2)3OCO)3-C6H3. An oven-dried Schlenk flask was cooled under vacuum 
and charged with sPP-(CH2)3OH (2.50 g, 0.42 mmol) and 4 Å molecular sieves. 
Toluene (10 mL) was syringed into the flask followed by triethylamine (0.042 mL, 
0.42 mmol) and a 0.25 M THF solution of 1,3,5-benzenetricarbonyl trichloride (0.56 
mL, 0.14 mmol). The reaction mixture was heated to 100 °C. After 8 days, the flask 
was cooled to room temperature and the polymer was precipitated in methanol (400 
mL). The polymer was collected, dissolved in hot toluene and filtered through 8 in. of 
silica gel. The first 80 mL of toluene were collected, removed under reduced pressure 
and the polymer was dried in vacuo to constant weight (0.16 g, 6.4% yield). Mn(GPC) 
= 13,000 g/mol, Mw/Mn = 1.43, Mn(
1H NMR) = 26,000 g/mol. 1H NMR (500 MHz, 
C2D2Cl4, 75 °C): ! 8.83 (s, 3H), 4.37 (t, 6H), 0.68-1.72 (m, 3800H). 
(sPP-(CH2)3C2HN3)2-C6H4. An oven-dried Schlenk flask was cooled under vacuum 
and charged with sPP-(CH2)3N3 (0.30 g, 0.05 mmol) and copper iodide (0.01 g, 0.05 
mmol). Toluene (3 mL) and DMSO (3 mL) were syringed into the flask followed by a 
0.1 M DMSO solution of 1,4-diethynylbenzene (0.25 mL, 0.025 mmol). The reaction 
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mixture was heated to 80 °C. After 5 days, the solution was cooled to room 
temperature and the polymer was precipitated in methanol (100 mL). The polymer was 
collected, dissolved in hot toluene and filtered through silica, alumina, and Celite. The 
toluene was removed under reduced pressure and the polymer was dried in vacuo to 
constant weight (0.24 g, 80% yield). Mn(GPC) = 13,000 g/mol, Mw/Mn = 1.45, Mn(
1H 
NMR) = 50,000 g/mol. 1H NMR (500 MHz, C2D2Cl4, 75 °C): ! 7.83 (d, 2H), 7.73 (s, 
1H), 7.44 (t, 2H), 7.35 (t, 1H), 4.37 (t, 2H), 0.68-1.72 (m, 7100H). 
(sPP-(CH2)3C2HN3)3-C6H3. An oven-dried Schlenk flask was cooled under vacuum 
and charged with sPP-(CH2)3N3 (1.0 g, 0.125 mmol) and copper iodide (0.024 g, 0.125 
mmol). Toluene (15 mL) and DMSO (5 mL) were syringed into the flask followed by 
a 0.05 M DMSO solution of 1,3,5-triethynylbenzene (0.84 mL, 0.042 mmol). The 
reaction mixture was heated to 80 °C. After 8 days, the solution was cooled to room 
temperature and the polymer was precipitated in methanol (100 mL). The polymer was 
collected, dissolved in hot toluene and filtered through silica, alumina, and Celite. The 
toluene was removed under reduced pressure and the polymer was dried in vacuo to 
constant weight (0.81 g, 81% yield). Mn(GPC) = 13,000 g/mol, Mw/Mn = 1.59, Mn(
1H 
NMR) = 59,000 g/mol. 1H NMR (500 MHz, C2D2Cl4, 75 °C): ! 8.30 (s, 3H), 7.94 (s, 
3H), 4.41 (t, 6H), 0.68-1.72 (m, 8400H). 
(sPP-(CH2)3NHCO)2-C6H4. An oven-dried Schlenk tube was cooled under vacuum 
and charged with sPP-(CH2)3NH2 (0.30 g, 0.05 mmol) and 4 Å molecular sieves. 
Toluene (4 mL) and triethylamine (0.01mL, 0.07 mmol) were syringed into the flask 
followed by a 0.1 M THF solution of terephthaloyl chloride (0.25 mL, 0.025 mmol). 
The reaction mixture was heated to 100 °C. After 7 days, the solution was cooled to 
room temperature and the polymer was precipitated in methanol (100 mL). The 
polymer was collected, dissolved in hot toluene and filtered silica, alumina, and Celite. 
The toluene was removed under reduced pressure and the polymer was dried in vacuo 
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to constant weight (0.23 g, 77% yield). Mn(GPC) = 12,000 g/mol, Mw/Mn = 1.44, 
Mn(
1H NMR) = 48,000 g/mol. 1H NMR (500 MHz, C2D2Cl4, 75 °C): ! 7.81 (s, 4H), 
3.48 (t, 4H), 0.68-1.72 (m, 6900H). 
(sPP-(CH2)3NHCO)3-C6H3. An oven-dried Schlenk tube was cooled under vacuum 
and charged with sPP-(CH2)3NH2 (1.0 g, 0.33 mmol) and 4 Å molecular sieves. 
Toluene (10 mL) and triethylamine (0.05 mL, 0.33 mmol) were syringed into the flask 
followed by a 0.25 M THF solution of 1,3,5-benzenetricarbonyl trichloride (0.44 mL, 
0.11 mmol). The reaction mixture was heated to 100 °C. After 7 days, the solution was 
cooled to room temperature and the polymer was precipitated in methanol (100 mL). 
The polymer was collected, dissolved in hot toluene and filtered through 8 in. of silica 
gel. The first 100 mL of toluene were collected, the toluene was removed under 
reduced pressure and the polymer was dried in vacuo to constant weight (0.48 g, 48% 
yield). Mn(GPC) = 18,000 g/mol, Mw/Mn = 1.52, 
1H NMR (500 MHz, C2D2Cl4, 75 
°C): ! 0.68-1.72 (br). 
methyl 4-(prop-2-yn-1-yloxy)benzoate. An oven-dried 250 mL Schlenk adapted 
round bottom flask was cooled under vacuum and charged with methyl 
hydroxybenzoate (10.0 g, 65.7 mmol) and potassium carbonate (11.8 g, 85.4 mmol). 
DMF (100 mL) was added via cannula and propargyl bromide (8.4 mL, 75.6 mmol) 
was syringed into the flask. After stirring for 24 hours at room temperature, the 
mixture was filtered, washed with saturated NaHCO3 (100 mL), washed with saturated 
NaCl (100 mL) and extracted with methylene chloride (3 x 100 mL). The combined 
organic layers were dried with Na2SO4, filtered and dried in vacuo to constant weight 
(8.44 g, 68% yield). 1H NMR (300 MHz, CDCl3): ! 8.00 (d, 2H), 6.99 (d, 2H), 4.73 
(d, 2H), 3.87 (s, 3H), 2.56 (t, 1H). 13C{1H} NMR (600 MHz, CDCl3): ! 166.93, 
161.34, 131.77, 123.64, 114.67, 78.00, 76.29, 56.02, 52.17. 
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4-(prop-2-yn-1-yloxy)benzoic acid. A 300 mL round bottom flask was charged with 
the methyl 4-(prop-2-yn-1-yloxy)benzoate (8.2 g, 43.1 mmol), methanol (50 mL), 
dioxane (150 mL), and 4 M NaOH (16.1 mL, 64.7 mmol). After stirring at room 
temperature for 12 hours, the mixture was neutralized with 2 M HCl and the solvent 
was removed in vacuo. The residual solid was taken up in ethyl acetate, washed with 
saturated NaHCO3 (100 mL), washed with saturated NaCl (100 mL) and extracted 
with ethyl acetate (3 x 100 mL). The combined organic layers were dried with 
Na2SO4, filtered and dried in vacuo to constant weight (5.32 g, 70% yield). 
1
H NMR 
(300 MHz, DMSO-d6): ! 7.90 (d, 2H), 7.06 (d, 2H), 4.88 (d, 2H), 3.63 (t, 1H), 3.45 (br 
s, 1H) 
13
C{
1
H} NMR (300 MHz, DMSO-d6): ! 166.93, 160.73, 131.28, 123.68, 
114.66, 78.78, 78.71, 55.63. 
PEG-OC(O)C6H4OCH2C=CH. An oven-dried Schlenk tube was cooled under 
vacuum and charged with 4-(prop-2-yn-1-yloxy)benzoic acid (0.10 g, 0.57 mmol) and 
toluene (10 mL). Oxalyl chloride (0.12 mL, 1.42 mmol) was syringed into the flask 
and the mixture was warmed to 70 °C. After 4 hours, the solvent was removed and the 
residual solid was dried in vacuo. Poly(ethylene glycol methyl ether) (1.14 g, 0.23 
mmol) was added to the flask followed by toluene (10 mL) and triethylamine (0.08 
mL, 0.57 mmol). After stirring at 100 °C for 18 hours, the mixture was cooled to room 
temperature, washed with water (100 mL) and extracted with chloroform (3 x 100 
mL). The combined organic layers were dried with Na2SO4, filtered and dried in vacuo 
to constant weight (1.18 g, 98% yield). 
1
H NMR (600 MHz, CDCl3): ! 8.02 (d, 2H), 
6.99 (d, 2H), 4.75 (d, 2H), 4.44 (t, 2H), 3.63 (s, 688H), 3.40 (s, 3H), 2.57 (t, 1H).
 
13
C{
1
H} NMR (600 MHz, CDCl3): ! 169.02, 131.86, 114.62, 88.78, 78.47 76.36, 
70.72, 69.46, 64.11, 61.85, 55.99. 
PEG-block-sPP. An oven-dried Schlenk tube was cooled under vacuum and charged 
with sPP-(CH2)3N3 (0.20 g, 0.033 mmol), PEG-OC(O)C6H4OCH2CCH (0.15 g (0.030 
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mmol) and copper iodide (1.0 mg, 0.006 mmol). Toluene (3 mL) and DMSO (1 mL) 
were syringed into the tube and the mixture was heated to 80 °C. After 36 hours, the 
mixture was cooled to room temperature and the solution was poured into copious 
cold diethyl ether. The polymer was filtered and dried in vacuo to constant weight 
(0.20 g, 61% yield). Mn(GPC) =  10,000 g/mol, Mw/Mn = 1.37, Mn(
1
H NMR) = 26,000 
g/mol. 
1
H NMR (500 MHz, C2D2Cl4, 75 °C): ! 8.01 (d, 2H), 7.60 (s, 1H), 7.05 (d, 
2H), 5.26 (s, 2H), 4.44 (t, 2H), 4.32 (t, 2H), 3.63 (t, 886H), 0.68-1.72 (m, 2400H). 
CH=CCH2OC6H4(O)CO-PEG-OC(O)C6H4OCH2CC=H. An oven-dried Schlenk 
tube was cooled under vacuum and charged with monopropargyl carboxylic acid (0.10 
g, 0.57 mmol) and toluene (10 mL). Oxalyl chloride (0.12 mL, 1.42 mmol) was 
syringed into the flask and the mixture was warmed to 70 °C. After 4 hours, the 
solvent was removed and the residual solid was dried in vacuo. Poly(ethylene glycol) 
(0.91 g, 0.11 mmol) was added to the flask followed by toluene (10 mL) and triethyl 
amine (0.08 mL, 0.57 mmol). After stirring at 100 °C for 18 hours, the mixture was 
cooled to room temperature, washed with water (100 mL) and extracted with 
chloroform (3 x 100 mL). The combined organic layers were dried with Na2SO4, 
filtered and dried in vacuo to constant weight (0.92 g, 97% yield). 
1
H NMR (300 
MHz, CDCl3): ! 8.01 (d, 4H), 6.98 (d, 4H), 4.75 (s, 4H), 4.43 (t, 4H), 3.63 (s, 621H), 
2.57 (s, 1H).
 13
C{
1
H} NMR (00 MHz, CDCl3): ! 166.16, 131.86, 114.62, 107.73, 
89.46, 76.36, 70.72, 69.46, 64.11, 55.99. 
sPP-block-PEG-block-sPP. An oven-dried Schlenk tube was cooled under vacuum 
and charged with sPP-(CH2)3N3 (0.17 g, 0.0275 mmol), CHCCH2OC6H4(O)CO-PEG-
OC(O)C6H4OCH2CCH (0.10 g, 0.0125 mmol) and copper iodide (1.0 mg, 0.006 
mmol). Toluene (3 mL) and DMSO (1 mL) were syringed into the tube and the 
mixture was heated to 80 °C. After 36 hours, the mixture was cooled to room 
temperature and the solution was poured into copious cold diethyl ether. The polymer 
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was filtered and dried in vacuo to constant weight (0.20 g, 80% yield). Mn(GPC) =  
g/mol, Mw/Mn = , Mn(
1
H NMR) = 36,000 g/mol. 
1
H NMR (500 MHz, C2D2Cl4, 75 °C): 
! 8.01 (d, 4H), ! 7.60 (s, 2H), ! 7.05 (d, 4H), ! 5.26 (s, 4H), ! 4.44 (t, 4H), ! 4.33 (t, 
4H), ! 3.63 (s, 1600) ! 0.68-1.72 (m, 2600H). 
Methyl 3,5-dihydroxybenzoate. Methanol (300 mL), 3,5-dihydroxy benzoic acid 
(10.0 g, 64.9 mmol) and sulfuric acid (0.6 mL) were combined in a 500 mL round 
bottom flask and heated to reflux. After 18 hours, the solution was cooled to room 
temperature and neutralized with 2 M HCl. The methanol was removed in vacuo and 
the residual solid was taken up in ethyl acetate, washed with saturated NaCl, dried 
with Na2SO4, filtered and dried in vacuo to constant weight (10.4 g, 95% yield). 
13
C{
1
H} NMR (600 MHz, DMSO-d6) : 166.27, 158.56, 131.29, 107.28, 107.17, 
107.07, 52.04. 
methyl 3,5-bis(prop-2-yn-1-yloxy)benzoate. An oven-dried 250 mL Schlenk adapted 
round bottom flask was cooled under vacuum and charged with the diester (7.50 g, 
44.6 mmol) and potassium carbonate (8.00 g, 58.0 mmol). DMF (75 mL) was added 
via cannula and propargyl bromide (5.71 mL, 51.3 mmol) was syringed into the flask. 
After stirring for 24 hours at room temperature, the mixture was filtered, washed with 
saturated NaHCO3 (100 mL), washed with saturated NaCl (100 mL) and extracted 
with methylene chloride (3 x 100 mL). The combined organic layers were dried with 
Na2SO4, filtered and dried in vacuo to constant weight (8.04 g, 74% yield). 
1
H NMR 
(300 MHz, CDCl3): ! 7.27 (s, 2H), 6.79 (s, 1H), 4.70 (s, 4H), 3.89 (s, 3H), 2.54 (s, 
1H).
 13
C{
1
H} NMR (600 MHz, CDCl3): 166.69, 158.70, 132.34, 109.06, 107.71, 
78.14, 76.19, 56.32, 52.60. 
3,5-bis(prop-2-yn-1-yloxy)benzoic acid. A 250 mL round bottom flask was charged 
with the methyl 3,5-bis(prop-2-yn-1-yloxy)benzoate (5.0 g, 20.5 mmol), methanol (50 
mL), dioxane (150 mL) and 4 M NaOH (7.7 mL, 30.7 mmol). After stirring at room 
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temperature for 12 hours, the mixture was neutralized with 2 M HCl and the solvent 
was removed in vacuo. The residual solid was taken up in ethyl acetate, washed with 
saturated NaHCO3 (100 mL), washed with saturate NaCl (100 mL) and extracted with 
ethyl acetate (3 x 100 mL). The combined organic layers were dried with Na2SO4, 
filtered and dried in vacuo to constant weight (3.2 g, 69% yield). 
1
H NMR (300 MHz, 
DMSO-d6): ! 7.17 (s, 2H), 6.79 (s, 1H), 4.83 (s, 4H), 3.60 (s, 2H).
 13
C{
1
H} NMR (600 
MHz, DMSO-d6): 166.99, 158.11, 134.17, 108.30, 106.47, 78.98, 78.60, 55.74. 
PEG-OC(O)C6H3(OCH2C=CH)2. An oven-dried Schlenk tube was cooled under 
vacuum and charged with 3,5-bis(prop-2-yn-1-yloxy)benzoic acid (0.10 g, 0.44 mmol) 
and toluene (10 mL). Oxalyl chloride (0.10 mL, 1.11 mmol) was syringed into the 
flask and the mixture was warmed to 70 °C. After 4 hours, the solvent was removed 
and the residual solid was dried in vacuo. Poly(ethylene glycol methyl ether) (0.88 g, 
0.18 mmol) was added to the flask followed by toluene (10 mL) and triethylamine 
(0.06 mL, 0.44 mmol). After stirring at 100 °C for 18 hours, the mixture was cooled to 
room temperature, washed with water (100 mL) and extracted with chloroform (3 x 
100 mL). The combined organic layers were dried with Na2SO4, filtered and dried in 
vacuo to constant weight (0.88 g, 97% yield). 
1
H NMR (300 MHz, CDCl3): ! 7.31 (d, 
2H), 6.80 (t, 1H), 4.71 (d, 4H), 4.45 (t, 2H), 3.63 (s, 559H), 3.38 (s, 3H), 2.57 (t, 2H).
 
13
C{
1
H} NMR (600 MHz, CDCl3): 158.64, 109.19, 107.54, 78.09, 76.30, 72.08, 70.71, 
69.30, 64.66, 56.28. 
(sPP)2-block-PEG. An oven-dried Schlenk tube was cooled under vacuum and 
charged with sPP-(CH2)3N3 (0.26 g, 0.044 mmol), PEG-OC(O)C6H3(OCH2CCH)2 
(0.10 g, 0.020 mmol) and copper iodide (1.0 mg, 0.006 mmol). Toluene (4 mL) and 
DMSO (1.3 mL) were syringed into the tube and heated to 80 °C. After 36 hours, the 
mixture was cooled to room temperature and the solution was poured into copious 
cold diethyl ether. The polymer was filtered and dried in vacuo to constant weight 
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(0.20 g, 88% yield). Mn(GPC) = 10,000 g/mol, Mw/Mn = 1.46, Mn(
1
H NMR) = 28,000 
g/mol. 
1
H NMR (500 MHz, C2D2Cl4, 75 °C): ! 7.62 (s, 2H), 7.33 (s, 2H), 6.94 (s, 1H), 
5.23 (s, 4H), 4.46 (t, 2H), 4.33 (t, 4H), 3.63 (s, 800H) 0.68-1.72 (m, 2700H). 
(CH=CCH2O)2C6H3(O)CO-PEG-OC(O)C6H3(OCH2C=CH)2. An oven dried 
Schlenk tube was cooled under vacuum and charged with 3,5-bis(prop-2-yn-1-
yloxy)benzoic acid (0.10 g, 0.44 mmol) and toluene (10 mL). Oxalyl chloride (0.10 
mL, 1.11 mmol) was syringed into the flask and the mixture was warmed to 70 °C. 
After 4 hours, the solvent was removed and the residual solid was dried in vacuo. 
Poly(ethylene glycol) (0.70 g, 0.09 mmol) was added to the flask followed by toluene 
(10 mL) and triethylamine (0.06 mL, 0.44 mmol). After stirring at 100 °C for 18 
hours, the mixture was cooled to room temperature, washed with water (100 mL) and 
extracted with chloroform (3 x 100 mL). The combined organic layers were dried with 
Na2SO4, filtered and dried in vacuo to constant weight (0.92 g, 97% yield). 
1
H NMR 
(300 MHz, CDCl3): ! 7.29 (d, 2H), 6.80 (t, 1H), 4.71 (d, 8H), 4.43 (t, 4H), 3.63 (s, 
1400H), 2.57 (t, 4H).
 13
C NMR (600 MHz, CDCl3): 166.05, 158.63, 132.27, 109.19, 
107.54, 78.10, 76.30, 70.70, 69.30, 64.65, 56.28, 45.90. 
(sPP)2-block-PEG-block-(sPP)2. An oven-dried Schlenk tube was cooled under 
vacuum and charged with sPP-(CH2)3N3 (0.33 g, 0.055 mmol), 
(CHCCH2O)2C6H3(O)CO-PEG-OC(O)C6H3(OCH2CCH)2 (0.10 g, 0.0125 mmol) and 
copper iodide (1.0 mg, 0.006 mmol). Toluene (6 mL) and DMSO (2 mL) were 
syringed into the tube and heated to 80 °C. After 36 hours, the mixture was cooled to 
room temperature and the solution was poured into copious cold diethyl ether. The 
polymer was filtered and dried in vacuo to constant weight (0.20 g, 98% yield). 
Mn(GPC) = 9,100 g/mol, Mw/Mn = 1.51, Mn(
1
H NMR) = 75,000 g/mol. 
1
H NMR (500 
MHz, C2D2Cl4, 75 °C): ! 7.62 (s, 4H), 7.37 (s, 4H), 6.98 (s, 2H), 5.27 (s, 8H), 4.49 (t, 
4H), 4.35 (t, 8H), 3.63 (s, 1800H), 0.68-1.72 (m, 7900H). 
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Chapter 4 
Synthesis and Ring Opening Polymerization of 
Norbornene-Terminated Syndiotactic Polypropylene 
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4.1 Introduction 
The ability to control bulk polymer properties through manipulation of 
molecular weight, stereochemistry and polymer structure remains an overarching goal 
in the field of polymer chemistry. Over the last few decades, the development of 
single-site transition metal olefin polymerization catalysts has resulted in polyolefin 
materials with well-defined structures.1-4 Specifically, the production of polymers with 
high stereo- and regioregularity can give rise to materials with drastically improved 
properties.5 Another way to modify the observed properties of a polymeric material is 
to control the amount of branching in the system. The presence of even a small 
amount of long-chain branching in a polyolefin significantly alters properties such as 
processability and melt strength.6-9 For example, the incorporation of long-chain 
branches (Figure 4.1) in polypropylene has been shown to increase the melt strength 
of the polymer up to ten times that of its linear analog.10 Even minimal incorporation 
of long-chain branches in polyolefin materials has an effect on observed properties, 
therefore, the investigation of highly branched polypropylene materials should be 
targeted. 
 
 
 
 
 
 
 
Figure 4.1. Representative structure of linear (left), long-chain branched (middle) and 
comb polymers (right).  
 
Comb polymers (Figure 4.1) are a type of hyperbranched material which 
contain one long-chain branch per repeat unit of the polymer backbone.11-15 The high-
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density of polymer arms along the backbone often results in the material adopting a 
compact cylindrical shape as opposed to the more commonly observed spherical 
shape.16-18 Typical materials display lengths on the nanometer scale making the 
polymers useful in applications such as nanotubes,19 nanocapsules20 or templates for 
inorganic nanowires.21 To synthesize comb polymers, one of three methods is 
typically employed.11,13,18 In the “grafting onto” method, side-chains are prepared 
independently and then coupled to a functionalized polymer backbone.22-24 Although 
properties such as molecular weight are easily characterized with this method, steric 
crowding often precludes formation of a comb-polymer with a high density of side-
chains. Alternatively, the “grafting from” method employs a polymer backbone 
bearing initiating groups capable of polymerization as a basis for side-chain 
synthesis.16,25-28 As with the previous method, a high density of side-chains is often 
difficult to obtain due to steric hindrance at the polymerization site. Furthermore, side-
chain properties including molecular weight can be difficult to quantify. Finally, the 
“grafting through” or macromonomer method utilizes polymeric materials containing 
polymerizable functional groups.17,18,26,29 With this approach, side-chains can be 
thoroughly characterized prior to polymerization. Additionally, each repeat unit is 
guaranteed to contain a polymer side-chain, so truly high-density comb polymers can 
be synthesized. Although a high degree of polymerization can be challenging to 
obtain, techniques including controlled/living radical16,22,25,27 and ring-opening 
metathesis (ROMP)16-18,25-27,30 have been employed in the synthesis of comb polymers. 
In particular, Bowden and coworkers have reported the successful production of 
several ultra-high molecular weight comb homo- and block copolymers containing 
polystyrene, polynorbornene and polylactide.16,25-27,30,31 Therefore, we utilized the 
macromonomer method to produce branched, high molecular weight polypropylene 
comb polymers. 
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Despite a significant amount of research in this area,16-29 there remain 
relatively few examples of comb polymers produced from the polymerization of 
polypropylene based macromonomers. In 2008, the homopolymerization of allyl-
terminated poly(ethylene-co-propylene) using a living nickel !-diimine catalyst, 
which resulted in star-like polymers containing up to 16 branches per sample, was 
reported.32 Due to a low degree of polymerization, these polymers possessed star-like 
conformations in dilute solutions instead of the rigid rod structure that would be 
expected for higher molecular weight comb polymers. In another example employing 
end-functionalized polymers, Kaneko and coworkers utilized methacryloyl-terminated 
poly(ethylene-co-propylene) in free radical copolymerizations with methyl 
methacrylate.33,34 With this method, graft and star copolymers were produced 
containing poly(methyl methacrylate) backbones and poly(ethylene-co-propylene) 
branches. Alternatively, the homopolymerization of semicrystalline polypropylene 
macromonomers (syndiotactic or isotactic) has been more difficult to achieve due in 
part to lower solubility compared with poly(ethylene-co-propylene) macromonomers. 
To synthesize semicrystalline polypropylene comb-polymers, syndiotactic 
polypropylene bearing a highly reactive, polymerizable functional group at the 
terminus was required. Specifically, a norbornene-terminated polypropylene was 
targeted due to previous reports of high reactivity with ring-opening metathesis 
polymerization catalysts for the synthesis of poly(macromonomer)s.16-18,25-27 
As was discussed extensively in chapter 2, end-functionalized polyolefins may 
be produced using a variety of different methods including thermal degradation35,36 
and chain transfer polymerization,37-43 as well as living44-51 and non-living52-64 
transition metal catalysis. Of particular interest are non-living transition metal olefin 
polymerization catalysts because of their ability to produce multiple polymer chains 
per metal center without the addition of a chain transfer agent (Scheme 4.1).2 Non-
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living olefin polymerization catalysts are known to undergo chain-release through !-
hydrogen or !-methyl transfers, which result in a number of alkene-terminated 
polymers. Most commonly, a 1,2-insertion of propylene into the growing polymer 
chain followed by !-hydrogen transfer gives vinylidene-terminated polypropylene, 
which would be less desirable for further end-functionalization due to the steric bulk 
present at the alkene. Alternatively, !-methyl transfer from the same growing polymer 
chain results in allyl-terminated polypropylene, a much less sterically hindered 
macromonomer. A handful of metallocene catalysts have been observed to produce 
allyl end-groups following 1,2-propylene insertion, however, selectivities are at best 
90% with vinylidenes making up the remaining chain-ends.63,65-67 In systems that are 
capable of 2,1 propylene insertion, !-hydrogen transfer could result in two different  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.1. Olefin polymerization chain-transfer pathways. 
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alkene-terminated polymers. Transfer of a !-hydrogen from the terminal methyl (!-Ha) 
results in an allyl-terminated polypropylene, whereas !-hydrogen transfer from the 
internal methylene (!-Hb) gives a polymer with a 2-propenyl end-group. Complexes of 
both titanium68 and iron69-72 have been shown to undergo propylene polymerization in 
a 2,1 fashion with subsequent !-hydrogen transfer resulting in polypropylene with 
terminal allyl groups. In fact, when 2,1-insertion dominates propylene polymerization, 
terminal allyl groups are almost exclusively observed.68 Many alkene-terminated 
polypropylenes have served as useful synthetic intermediates in the production of 
polymers with alternative functional groups, such as alcohols and amines.52-64 
Furthermore, end-functionalized polymers are attractive building blocks for the 
synthesis of more complex architectures such as block copolymers73-77 and star 
polymers.78-85  
 
 
 
 
 
 
 
 
 
Scheme 4.2. Synthesis of allyl-terminated syndiotactic polypropylene using non-living 
bis(phenoxyimine)titanium catalysts.  
 
Upon activation with methylaluminoxane (MAO), bis(phenoxyimine)titanium 
catalysts polymerize propylene in a 2,1 fashion to produce highly syndiotactic 
polypropylene (Scheme 4.2).68,86-101 Extensive ligand modification has been carried 
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out, and studies have shown the fluorination pattern of the N-aryl ring has a significant 
effect on the nature of the polymerization.68,95,101 With at least one fluorine present in 
the ortho position of the N-aryl ring, bis(phenoxyimine)titanium complexes catalyze 
the living polymerization of propylene resulting in polypropylene with completely 
saturated end-groups upon quenching with a protic electrophile. However, when all 
fluorines are removed from the ortho position of the N-aryl ring, the subsequent 
propylene polymerization is no longer living and the dominant chain termination 
pathway is !-hydrogen transfer.68 The 1H NMR spectrum of the polypropylene 
produced from non-living bis(phenoxyimine)titanium catalysts reveals only allyl-
termination, with no vinylidene or internal alkenes observed. The syndiotactic 
polypropylene produced in this fashion is ideal for this study due to a low degree of 
steric hindrance at the chain-end. 
Herein the synthesis and ring-opening metathesis polymerization of 
norbornene-terminated syndiotactic polypropylene macromonomers is reported. 
Polymers of varying molecular weights were produced from two different 
bis(phenoxyimine)titanium catalysts (4.1 and 4.2). Hydroxyl and norbornene end-
functionalized polypropylene were obtained from the allyl-terminated polymer. 
Subsequent ring-opening metathesis polymerization reactions were carried out using 
ruthenium catalysts (4.3 – 4.5) resulting in the production of a new class of high 
molecular weight, syndiotactic comb polymers.  
 
4.2 Results and Discussion 
4.2.1 Synthesis of Syndiotactic Polypropylene Macromonomer  
Activation of bis(phenoxyimine) titanium complexes 4.1 and 4.2 with MAO in 
the presence of propylene resulted in a polymer with modest molecular weight (Table 
4.1, Mn = 3,600 and 5,600 g/mol, respectively).
68 Bis(phenoxyimine) titanium 
 211 
complexes bearing hydrogens in the ortho-positions of the N-aryl ring have previously 
been shown to insert propylene in a 2,1 fashion with subsequent chain transfer 
reactions resulting in alkene-terminated polypropylyene.68 Due to the 2,1-insertion 
mechanism (Scheme 4.1), propenyl- as well as allyl-terminated polymer could be 
produced from !–hydrogen transfer. Examination of the polypropylene 1H NMR 
spectrum (Figure 4.2 and 4.5) revealed two resonances at " 5.81 and 5.01 ppm, which 
have been assigned to the allyl functional group. Further analysis shows no resonance 
at " 5.5, which would be indicative of the 2-propenyl end-group. Using 13C NMR 
spectroscopy to analyze the polymer microstructure, a range of tacticities was 
observed from moderately ([rrrr] = 0.80) for the polypropylene produced by 4.1 
(MM-3600, Figure 4.3) to highly syndiotactic ([rrrr] = 0.94) for the polymer obtained 
from 4.2 (MM-5600, Figure 4.4). As a result, the polymers displayed a range of 
melting temperatures (Tm = 113 and 145 °C) as determined by differential scanning 
calorimetry.  Fortunately, the semicrystalline allyl-terminated polypropylene produced 
by 4.1 and 4.2 are highly soluble in many solvents making a variety of organic 
transformations possible. 
 
Table 4.1. Syndiotactic polypropylene macromonomer characterization. 
 
MM Cplx R1 R2 Mn 
(g/mol)a 
Mw/Mn
a [rrrr]b Tc 
(°C)c 
Tm 
(°C)c 
#Hm 
(J/g)c 
MM-3600 4.1 tBu tBu 3,600 1.87 0.80 72 113 40 
MM-5600 4.2 SiMe3 H 5,600 1.75 0.94 109 145 42 
a Molecular weight (Mn) and molecular weight distribution (Mw/Mn) were determined
 
by gel permeation chromatography at 140 °C in 1,2,4-trichlorobenzene relative to 
polyethylene standards. b Syndiotacticity ([rrrr]) was determined using 13C NMR 
spectroscopy. c Melting temperature (Tm), crystallization temperature (Tc) and enthalpy 
(#H) were determined by differential scanning calorimetry (second heating run). 
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Figure 4.2. 1H NMR spectrum of sPP-allyl produced with 4.1 (Entry 1, Table 4.1, 600 
MHz, 1,1,2,2-tetrachloroethane-d2 (TCE), 135 °C). 
 
 
 
 
 
 
 
 
Figure 4.3. 
13C{H} NMR spectrum of MM-3600 (Entry 1, Table 4.1, 600 MHz, 
1,1,2,2-tetrachloroethane-d2 (TCE), 135 °C). 
TCE 
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Figure 4.4. 
13C{H} NMR spectrum of MM-5600 (Entry 2, Table 4.1, 600 MHz, 
1,1,2,2-tetrachloroethane-d2 (TCE), 135 °C). 
 
 
 
 
 
 
 
 
 
Figure 4.5. 
1H NMR spectra of sPP-allyl, sPP-hydroxyl and sPP-norbornene (MM-
3600, 600 MHz, 1,1,2,2-tetrachloroethane-d2 (TCE), 135 °C). 
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The terminal alkene moiety was utilized as a synthetic handle for the 
production of end-functionalized polypropylene bearing functional groups with 
increased reactivity. The allyl-functionalized polypropylene can easily be converted to 
primary hydroxyl-terminated polypropylene using hydroboration-oxidation (Scheme 
4.3). In 2005, Hagiwara and coworkers reported the conversion of vinylidene-
terminated polypropylene formed through controlled thermal degradation to the 
primary alcohol using a borane-THF complex and subsequent hydrogen peroxide 
oxidation.36 Conversion of the vinylidene to the hydroxyl end-group was achieved in 
greater than 90% yields for most of the polymers utilized in their study. Using a 
similar procedure, the ally-terminated syndiotactic polypropylene produced with 4.1 
and 4.2 was converted to the hydroxyl-functionalized polymer using 9-BBN at 65 °C 
followed by the addition of sodium hydroxide and hydrogen peroxide. Analysis of the 
1H NMR spectrum (Figures 4.5 and 4.6) showed complete disappearance of the alkene 
resonances and the appearance of a new resonance (! 3.61) for the protons on the 
methylene adjacent to the hydroxyl and is consistent with literature reports for 
hydroxyl-terminated polymers.36 Conversion to product was dependent on the solvent, 
time and temperature at which the oxidation was performed. For the allyl-terminated 
syndiotactic polypropylene produced from 4.1, carrying the hydroboration out at 60 
°C in THF followed by oxidation at 45 °C resulted in high conversion to hydroxyl-
terminated polypropylene (92%). Due to lower solubility of the highly syndiotactic 
polymer produced from 4.2, the hydroboration-oxidation was carried out in toluene, 
resulting in slightly lower conversion to hydroxyl-terminated polymer (60%). 
Installing the primary hydroxyl group on the end of the polypropylene chain resulted 
in an end-functionalized polymer, which was useful for the production of a 
syndiotactic polypropylene macromonomer. 
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Scheme 4.3. Synthesis of norbornene-terminated syndiotactic polypropylene. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. 
1H NMR spectrum of sPP-hydroxyl (MM-3600, 600 MHz, 1,1,2,2-
tetrachloroethane-d2 (TCE), 135 °C). 
n
1. 9-BBN
2. H2O2
    NaOH
n
HO
n
O
O
Cl
O
Toluene
Triethylamine
100 °C
TCE 
 216 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. 
1H NMR spectrum of sPP-norbornene (exo-MM-3600, 600 MHz, 1,1,2,2-
tetrachloroethane-d2 (TCE), 135 °C). 
 
In particular, reaction of the hydroxyl-terminated polypropylene with acid 
chlorides was facile and was therefore utilized to produce polymerizable 
macromonomers. Ring opening metathesis polymerization of norbornene-terminated 
macromonomers has been achieved by a number of research groups to obtain high 
molecular weight poly(macromonomer)s.16-18,25-27,30 Specifically, Bowden and 
coworkers observed decreased reaction rates, as well as molecular weights for the 
polymerization endo/exo-norbornene-terminated polylactide macromonomers 
compared with pure exo-norbornene-terminated polylactide macromonomers.26 
Therefore, the synthesis and subsequent polymerization behavior of exo-norbornene-
terminated syndiotactic polypropylene was investigated.  Starting from exo-5-
norbornene-2-carboxylic acid, transformation of the carboxylic acid to the acid 
chloride was achieved with oxalyl chloride in toluene at 70 °C. The resultant acid 
chloride was combined with the hydroxyl-terminated syndiotactic polypropylene in 
TCE 
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the presence of triethylamine and toluene at 100 °C. The exo-norbornene-terminated 
syndiotactic polypropylene macromonomers (exo-MM-3600 and exo-MM-5600) were 
produced utilizing the polymers obtained from catalyst 4.1 and 4.2. 1H NMR analysis 
of the exo-norbornene-terminated polymer (Figure 4.5 and 4.7) revealed a single 
resonance in the alkene region (! 6.18), a signal attributed to the protons adjacent to 
the ester (! 4.13) as well as four new resonances for the norbornene ring (! 3.10, 2.95, 
2.27 and 1.98 ppm).102,103 Through facile organic transformations, syndiotactic 
polymers bearing norbornene groups at the terminus have been produced. 
 
 
4.2.2 Ruthenium Catalyst Screening for Metathesis Polymerization  
Initial investigations into the polymerization behavior of the norbornene-
terminated syndiotactic polypropylene were carried out with the lower tacticity, more 
soluble macromonomer, exo-MM-3600, and a series of metathesis catalysts (Figure 
4.8). All three of the ruthenium complexes screened (4.3 – 4.5) resulted in high 
conversion of macromonomer to poly(macromonomer) (> 94%) in just two hours 
(Table 4.2, Scheme 4.4). The poly(macromonomer)s obtained from 4.4 and 4.5 both 
displayed high peak molecular weight (Mp = 73,000 and 64,000 g/mol, respectively),  
 
 
 
 
 
 
 
 
 
Figure 4.8. Grubbs’ olefin metathesis polymerization catalysts for 
poly(macromonomer) preparation. 
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Table 4.2. Metathesis polymerization of exo-MM-3600 at 60 °C. 
 
Entry Cplx trxn 
(hr) 
Conv. 
(%)c 
Mn 
(g/mol)d 
Mp 
(g/mol)d 
Mw/Mn
d
 Tc 
(°C)e 
Tm 
(°C)e 
!Hm 
(J/g)e 
1a 4.3 2 94 76,000 83,000 1.25 50 104 31 
2b 4.4 2 >99 35,000 73,000 2.00 42 105 36 
3a 4.5 2 >99 36,000 64,000 2.11 43 105 40 
a General Conditions:  [exo-MM-3600]o = 0.083 M, [Ru] = 1.65 mM, [exo-MM-
3600]:[Ru] = 50:1. b [exo-MM-3600]o = 0.0083 M, [Ru] = 0.165 mM, [exo-MM-
3600]:[Ru] = 50:1. c Determined using 1H NMR spectroscopy in 1,1,2,2-
tetrachloroethane at 135 °C. d Molecular weight (Mn), peak molecular weight (Mp) and 
molecular weight distribution (Mw/Mn) were determined
 by gel permeation 
chromatography at 140 °C in 1,2,4-trichlorobenzene relative to polyethylene 
standards. e Melting temperature (Tm),  crystallization temperature (Tc) and enthalpy 
(!H) were determined by differential scanning calorimetry (second heating run). 
 
but, overall molecular weight (Mn = 35,000 and 36,000 g/mol) was considerably 
lower. Furthermore, molecular weight distributions (Mw/Mn = 2.00 and 2.11) were 
broader than those observed for the poly(macromonomer) (Mw/Mn = 1.25) derived 
from 4.3, which also displayed the highest molecular weight (Mn = 77,000 g/mol). 
Additionally, molecular weight distribution of the poly(macromonomer) obtained 
from 4.3 was lower than the starting macromonomer (Mw/Mn = 1.87). This is 
consistent with star polymer theory laid out by Schulz and Flory, which suggests that 
polymer molecular weight distribution will decrease as the number of arms linked 
together increases.104-106 Analysis of the poly(macromonomer) by GPC reveals a very 
small low molecular weight shoulder, which can be attributed to a small amount of 
unfunctionalized polypropylene present in the starting macromonomer. This was 
confirmed by analysis of the 1H NMR spectra, which showed the disappearance of the 
alkene resonances associated with the norbornene-terminated syndiotactic 
polypropylene. Homopolymerization of the norbornene-terminated polymer was 
 219 
possible with the three different ruthenium metathesis catalysts that were screened. 
Based on these initial screening results, 4.3 was identified as the best catalyst for ring 
opening metathesis polymerization of the syndiotactic polypropylene 
macromonomers. 
 
 
 
 
 
 
Scheme 4.4. Ring-opening metathesis polymerization (ROMP) of norbornene-
terminated syndiotactic polypropylene. 
 
4.2.3 Polymerization of Norbornene-Terminated sPP with 4.3 
The polymerization rate of 4.3 (Table 4.3) was further investigated because of 
its ability to produce the highest molecular weight polymer with the narrowest 
polydispersity. After just three minutes, 59% conversion to comb polymer was 
observed through analysis of the poly(macromonomer) 1H NMR spectrum. In addition 
to the residual macromonomer, a higher molecular weight peak (Mp = 65,000 g/mol) 
attributed to the poly(macromonomer) was observed (Figure 4.9). Due to overlapping 
macromonomer and poly(macromonomer) peaks in the GPC chromatogram,  it is 
useful to compare peak molecular weights here. Upon increasing reaction time to six 
minutes, greater conversion (67%) and higher peak molecular weight (Mp = 73,000 
g/mol) was obtained in addition to residual macromonomer. After ten minutes, 87% 
conversion of macromonomer to comb polymer was observed (Mp = 75,000 g/mol) 
along with a decreased amount of macromonomer. When reaction time was extended 
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Table 4.3. Metathesis polymerization of exo-MM-3600 with 4.3 at 60 °C.a 
 
Entry trxn 
(min) 
Conv. 
(%)b 
Mn  
(g/mol)c 
Mp 
(g/mol)c 
Mw/Mn
c Tc 
(°C)d 
Tm 
(°C)d 
!Hm 
(J/g)d 
1 3 59 11,000 65,000 3.90 (bm)e 59 110 35 
2 6 67 12,000 73,000 4.25 (bm)e 59 109 42 
3 10 87 12,000 75,000 4.55 (bm)e 53 106 29 
4 120 94 76,000 83,000 1.24 50 104 31 
5 1440 >99 86,000 98,000 1.21 45 104 24 
a General Conditions:  [exo-MM-3600]o = 0.083 M, [Ru] = 1.65 mM, [exo-MM-
3600]:[Ru] = 50:1. b Determined using 1H NMR spectroscopy in 1,1,2,2-
tetrachloroethane at 135 °C. c Peak molecular weight (Mp), molecular weight (Mn) and 
molecular weight distribution (Mw/Mn) were determined
 by gel permeation 
chromatography at 140 °C in 1,2,4-trichlorobenzene relative to polyethylene 
standards. d Melting temperature (Tm), crystallization temperature (Tc) and enthalpy 
(!H) were determined by differential scanning calorimetry (second heating run). e 
Bimodal due to presence of exo-MM-3600. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. GPC chromatogram of ROMP polymerization of exo-MM-3600 using 4.3 
after 3 (green, Entry 1, Table 4.3), 10 (blue, Entry 3, Table 4.3) and 120 minutes 
(black, Entry 4, Table 4.3). 
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to two hours, nearly complete conversion (94%) was obtained as evidenced by 1H 
NMR spectroscopy. Furthermore, molecular weight increased (Mp = 83,000 g/mol, Mn 
= 76,000 g/mol) and residual macromonomer was no longer present in the GPC 
chromatogram. Allowing the reaction to proceed for a full 24 hours resulted in 
quantitative conversion of macromonomer to poly(macromonomer) (>99 %) with the 
highest molecular weight (Mp = 98,000 g/mol, Mn = 86,000 g/mol) observed. 
Comparing the molecular weight data by GPC (Figure 4.9) reveals that the 
polymerization proceeds quickly up to ten minutes. Due to lower solubility and 
macromonomer concentration, extended reaction times are required to obtain higher 
conversions. Formation of comb polymer is also confirmed by comparison of the 
poly(macromonomer) alkene region of the 1H NMR spectra (Figure 4.10 and 4.11). 
After three minutes, macromonomer is observed, as evidenced by the multiplet at  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. 
1H NMR spectra of poly(exo-MM-3600) produced with 4.3 after 3 (Entry 
1, Table 4.3), 10 (Entry 3, Table 4.3) and 120 (Entry 4, Table 4.3) minutes (600 MHz, 
1,1,2,2-tetrachloroethane-d2 (TCE), 135 °C). 
TCE 
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Figure 4.11. 
1H NMR spectrum of poly(exo-MM-3600) (Entry 4, Table 4.3) (600 
MHz, 1,1,2,2-tetrachloroethane-d2 (TCE), 135 °C). 
 
! 6.18, and broad resonances at ! 5.58 – 5.19 ppm in the 1H NMR spectrum are 
indicative of the comb-polymer. Increasing reaction time to ten minutes reveals further 
conversion to poly(macromonomer) with decreased macromonomer observed. At two 
hours, very little macromonomer is present in the 1H NMR spectrum indicating nearly 
complete conversion to poly(macromonomer). 
In addition to GPC and 1H NMR spectroscopy, the extent of polymerization 
was also assessed through analysis of the comb-polymer thermal data (Table 4.3) 
obtained from differential scanning calorimetry. Compared with the starting the 
macromonomer (Tm = 113 °C), a decrease in the melting temperature was observed for 
TCE 
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poly(macromonomer) obtained after two hours (Tm = 104 °C). Furthermore, melting 
temperature was also observed to decrease as a function of conversion with Tm = 110, 
109 and 106 °C obtained after three, six and ten minutes, respectively. As with melting 
temperature, crystallization temperature was also observed to decrease with increasing 
conversion of macromonomer (Tc = 73 °C) to comb-polymer (Tc = 59 – 45 °C) with 
the lowest crystallization temperature observed for the highest conversion to 
poly(macromonomer).  At varying reaction times, the polymerization of exo-MM-
3600 with 4.3 resulted in poly(macromonomer) with molecular weights observed to 
increase over time while both melting temperature and crystallization temperature 
decreased with comb-polymer formation.  
 
Table 4.4. Polymerization of exo-MM-3600 and exo-MM-5600 with 4.3.a 
 
Entry exo-MM [MM]o:[Ru] Conv. 
(%)b 
Mn  
(g/mol)c 
Mw/Mn
c 
Tc 
(°C)d 
Tm 
(°C)d 
!Hm 
(J/g)d 
1 MM-3600 50:1 >99 86,000 1.21 45 104 24 
2 MM-3600 200:1 95 136,000 1.31 44 104 28 
3 MM-3600 500:1 88 172,000 1.29 47 106 18 
4 MM-5600 50:1 >99 46,000 1.89 104 135 59 
5 MM-5600 200:1 >99 105,000 1.33 102 135 64 
6 MM-5600 500:1 93 120,000 1.30 98 135 44 
a General Conditions:  [MM]o = 0.083 M, [Ru] = 1.65 mM, [MM]:[Ru] = 50:1. 
b 
Determined using 1H NMR spectroscopy in 1,1,2,2-tetrachloroethane at 135 °C. c Peak 
molecular weight (Mp), molecular weight (Mn) and molecular weight distribution 
(Mw/Mn) were determined
 by gel permeation chromatography at 140 °C in 1,2,4-
trichlorobenzene relative to polyethylene standards. d Melting temperature (Tm), 
crystallization temperature (Tc) and enthalpy (!H) were determined by differential 
scanning calorimetry (second heating run).  
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4.2.4. Metathesis Polymerization with Varied Catalyst Loadings 
To test the limits of macromonomer polymerization, the two norbornene-
terminated syndiotactic polypropylene macromonomers (exo-MM-3600 and exo-MM-
5600) were polymerized with 4.3 at a variety of catalyst loadings (Table 4.4). 
Polymerization of exo-MM-3600 at low catalyst loadings (50:1, [MM]o:[Ru]) resulted 
in poly(macromonomer) (Mn = 86,000 g/mol, Mw/Mn = 1.21) with little residual 
macromonomer and high conversion (>99%) observed. Comparatively, 
poly(macromonomer) with modest molecular weight (Mn = 46,000 g/mol, Mw/Mn = 
1.89) was obtained upon polymerization of exo-MM-5600 at low catalyst loadings 
(50:1, [MM]o:[Ru]). Tapering of the peaks observed by GPC (Figure 4.12) has been 
attributed to residual unfunctionalized macromonomer. This was confirmed through 
analysis of the 1H NMR spectra, which revealed high conversion of the norbornene- 
terminated polymer to comb-polymer (>99%). Decreasing the catalyst loading  (200:1,  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12. GPC chromatogram of exo-MM-5600 (black, Entry 2, Table 4.1) and 
poly(exo-MM-5600) produced using 4.3 with 50:1 (blue, Entry 4, Table 4.4) and 
200:1 (green, Entry 5, Table 4.4) catalyst loadings. 
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[MM]o:[Ru]) resulted in the high conversion (95%) of exo-MM-3600 to comb polymer 
(Mn = 136,000 g/mol) with very little low molecular weight polymer observed by 
GPC. Polymerization of exo-MM-5600 under the same conditions (200:1, 
[MM]o:[Ru]) also resulted in high conversion (>99%)  to comb polypropylene (Mn = 
105,000 g/mol, Mw/Mn = 1.33). In an attempt to obtain an even higher molecular 
weight, catalyst loadings (500:1, [MM]o:[Ru]) were decreased still further, and 
polymerization of exo-MM-3600 resulted in a poly(macromonomer) with Mn = 
172,000 g/mol and Mw/Mn = 1.29. An increased amount of residual macromonomer by 
GPC (Mn = 4,800 g/mol) and lower conversion (88%) by 
1H NMR spectroscopy were 
observed compared with higher catalyst loadings. Using the same reaction conditions 
(500:1, [MM]o:[Ru]), poly(macromonomer) (Mn = 120,000 g/mol, Mw/Mn = 1.30) was 
obtained from the polymerization of exo-MM-5600. Similar to exo-MM-3600, an  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13. GPC chromatogram of exo-MM-3600 (black, Entry 1, Table 4.1) and 
poly(MM-3600) produced using 4.3 with 50:1 (blue, Entry 1, Table 4.4) and 200:1 
(green, Entry 2, Table 4.4) [MM]o:[Ru]. 
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increased amount of residual macromonomer was observed by GPC and decreased 
conversion (93%) was revealed through analysis of the 1H NMR spectrum. Attempts 
to decrease catalyst loadings further did not result in higher molecular weight 
poly(macromonomer) instead a considerable decrease in percent conversion was 
observed. Comparison of the GPC chromatograms of exo-MM-3600 (Figure 4.15) and 
exo-MM-5600 (Figure 4.17) with the chromatograms of the poly(macromonomer)s 
produced at 50:1 and 200:1 catalyst loadings shows a clear increase in molecular 
weight with decreased catalyst loading. In general, polymerization of exo-MM-3600 
resulted in high conversion to poly(macromonomer) (>88%) with low molecular 
weight distributions (Mw/Mn = 1.21 – 1.31) observed for a range of molecular weights 
(Mn = 86,000 – 172,000 g/mol). Decreased molecular weights (Mn = 45,000 – 120,000 
g/mol, Mw/Mn = 1.30 – 1.89) were observed for the polymerization of exo-MM-5600 
due to an increased presence of unfunctionalized macromonomer compared with exo-
MM-3600. However, the polymerization proceeded with good conversion (>93%) 
resulting in a highly syndiotactic polypropylene comb polymer. 
The thermal properties (Table 4.4) of the syndiotactic macromonomers and the 
resultant comb-polymers were also investigated using differential scanning 
calorimetry. Decreased melting temperatures were observed for the 
poly(macromonomer)s (Tm = 104 - 106 °C, Figure 4.14) compared with exo-MM-3600 
(Tm = 112 °C, Figure 4.15). Similar to the exo-MM-3600 series, the 
poly(macromonomer)s (Tm = 135 °C, Figure 4.16) obtained from the polymerization 
of exo-MM-5600 (Tm = 145 °C, Figure 4.17) display lower melting temperatures than 
the corresponding macromonomer. The DSC trace of exo-MM-5600 reveals a double 
melting endotherm with the second peak (Tm = 145 °C) being more pronounced than 
the first. Previous reports for syndiotactic polypropylene suggest that initial melting is 
followed by an immediate recrystallization resulting in the observed peaks.107-112  
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Figure 4.14. Differential scanning calorimetry (10 °C/min, second heat) thermogram 
of poly(exo-MM-3600) (Entry 4, Table 4.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15. Differential scanning calorimetry (10 °C/min, second heat) thermogram 
of exo-MM-3600. 
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Figure 4.16. Differential scanning calorimetry (10 °C/min, second heat) thermogram 
of poly(exo-MM-5600) (Entry 4, Table 4.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17. Differential scanning calorimetry (10 °C/min, second heat) thermogram 
of exo-MM-5600. 
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Interestingly, the poly(macromonomer) obtained from exo-MM-5600 also displays a 
double endotherm, however, the initial peak (Tm = 135 °C) is more prominent than the 
second endotherm for all poly(macromonomer)s studied suggesting that immediate 
recrystallization is suppressed with the formation of comb polymer. Further analysis 
of the DSC data reveals the crystallization temperature follows a similar trend. 
Formation of poly(exo-MM-3600) resulted in decreased crystallization temperatures 
(Tc = 44 – 47 °C) compared with exo-MM-3600 (Tc = 73 °C). Analogously, decreased 
crystallization temperatures (Tc = 98 - 104 °C) were observed for the poly(exo-MM-
5600) compared with exo-MM-5600 (Tc = 109 °C). For both syndiotactic 
polypropylene macromonomers, melting temperature and crystallization temperature 
were found to decrease with the formation high molecular weight 
poly(macromonomer). 
 
4.3. Conclusions 
Ring-opening metathesis polymerization of norbornene-terminated 
syndiotactic polypropylene resulted in high molecular weight poly(macromonomer)s. 
To the best of our knowledge, this is the first report of a comb polymer from end-
functionalized syndiotactic polypropylene. Utilizing allyl-terminated syndiotactic 
polypropylene obtained from bis(phenoxyimine)titanium catalysts, 4.1 and 4.2, 
hydroxyl- and norbornene-terminated polymers of varying tacticity were obtained. 
The macromonomer was polymerized with ruthenium catalysts 4.3 – 4.5 to produce 
the poly(macromonomer)s. Reaction rate was investigated with catalyst 4.3 and 
initially the polymerization proceeded quickly, though longer reaction times were 
required to obtain high conversions.  Poly(macromonomer)s with a range of molecular 
weights were obtained from exo-MM-3600 and exo-MM-5600 by varying catalyst 
loadings. The resultant comb polymers displayed interesting thermal properties with 
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both melting temperature and crystallization temperature decreasing upon formation of 
the poly(macromonomer). Further investigation to explain this behavior is currently 
underway.  
 
4.4 Experimental Section 
General. All manipulations of air- and/or water-sensitive compounds were carried out 
under dry nitrogen using Braun UniLab drybox or standard Schlenk techniques. 
Toluene was purified over columns of alumina and copper (Q5). THF was purified 
over an alumina column and degassed by three freeze-pump-thaw cycles before use. 
Propylene (Airgas, research purity) was purified over columns (40 cm inner diameter 
x 120 cm long) of BASF catalyst R3-12, BASF catalyst R3-11, and 4Å molecular 
sieves. PMAO-IP (13 wt % Al in toluene, Akzo Nobel) was dried in vacuo to remove 
residual trimethyl aluminum and used as a solid white powder. Complexes 4.1 and 4.2 
were prepared according to previously reported procedures.68 Triethylamine was 
stirred over CaH2 for several days and vacuum distilled. Oxalyl chloride, 0.5 M 9-
borabicylo[3.3.1]nonane (9-BBN) in THF, exo-5-norbornene-2-carboxylic acid, 
Cl2(Cy3P)2RuCHPh (4.3, Grubbs’ first generation catalyst), 
Cl2(Cy3P)(H2IMes)RuCHPh (4.4, Grubbs’ second generation catalyst), and Cl2(2-
BrC5H5N)2(H2IMes)RuCHPh (4.5, Grubbs’ third generation catalyst) were purchased 
from commercial sources and used as received. 
Polymer Characterization. 1H and 13C{1H} NMR spectra of polymers were recorded 
using a Varian UnityInova (600 MHz) spectrometer equipped with a 1H/BB 
switchable with Z-pulse field gradient probe operating and referenced versus residual 
non-deuterated solvent shifts. The polymer samples were dissolved in 1,1,2,2-
tetrachloroethane-d2 in a 5 mm O.D. tube, and spectra were collected at 135 °C. End-
group analysis for molecular weight determination was achieved by relative 
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integration of the end-group vs alkyl peaks in the 1H NMR spectrum. Percent 
conversion was determined through relative integration of the macromonomer alkene 
resonance to the poly(macromonomer) alkene resonances in the 1H NMR spectrum. 
Syndiotacticity ([rrrr]) was measured by Gaussian deconvolution of the methyl region 
of the 13C NMR spectrum. Molecular weights (Mn and Mw) and polydispersities 
(Mw/Mn) were determined by high temperature gel permeation chromatography 
(GPC). Analyses were performed with a Waters Alliance GPCV 2000 GPC equipped 
with a Waters DRI detector and viscometer. The column set (four Waters HT 6E and 
one Waters HT 2) was eluted with 1,2,4-trichlorobenzene containing 0.01 wt % di-
tert-butyl-hydroxytoluene (BHT) at 1.0 mL/min at 140 °C. Data were calibrated using 
monomodal polyethylene standards (from Polymer Standards Service). Differential 
scanning calorimetric analyses were performed in crimped aluminum pans under 
nitrogen using a TA Instruments Q1000 calorimeter equipped with an automated 
sampler. Data were collected from the second heating run at a heating rate of 10 
°C/min from -50 to 200 °C and were processed with the TA Q series software 
package.  
 
4.4.1 Macromonomer Synthesis  
sPP-CH2CH=CH2.   In a glovebox, a 12 oz Laboratory Crest reaction vessel 
(Andrews Glass) was charged with dried PMAO (1.15 g, 20 mmol) and toluene (300 
mL). The vessel was purged with propylene gas three times and equilibrated at 0 °C 
and 30 psig propylene for 30 minutes. A solution of the Ti precatalyst (100 !mol, 
[Al]/[Ti] = 200) in toluene (10 mL) was injected into the reactor. After 9 h, the 
reaction mixture was quenched with methanol (10 mL) and the polymer was 
precipitated into a copious amount of acidic methanol (5% HCl (aq)) and stirred 
overnight. The polymer was isolated and rinsed with methanol. To purify the sample, 
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the polymer was dissolved in hot toluene and filtered through a glass frit layered with 
silica, alumina, and Celite!. The toluene was removed and the polymer was dried in 
vacuo to constant weight. For MM-3600 from catalyst 1, yield = 9.11 g, Mn(GPC) = 
3,600 g/mol, Mw/Mn = 1.87, Mn(
1H NMR) = 5,800 g/mol. For MM-5600 from catalyst 
2, yield = 8.5 g. Mn(GPC) = 5,600 g/mol, Mw/Mn = 1.75, Mn(
1H NMR) = 7,400 g/mol.   
1H NMR (600 MHz, C2D2Cl4, 135 °C): ! 5.81 (dd, 1H), 5.01 (m, 2H), 1.72-0.68 (m, 
800H (MM-3600), 1100H (MM-5600)). 
sPP-(CH2)3OH. An oven-dried 1 L round bottom flask was cooled under vacuum and 
charged with allyl-terminated syndiotactic polypropylene (1 mmol). THF (500 mL, 
MM-3600) or toluene (500 mL, MM-5600) was cannulated into the flask and the 
mixture was heated to 45 °C. After 15 minutes, the 9-BBN (7 mL, 3.5 mmol) was 
added drop wise to the flask and the solution was heated to 65 °C. The mixture was 
cooled to 45 °C after 3 hours. A sodium hydroxide solution (1.5 M in H2O, 15 mmol) 
was added followed immediately by a hydrogen peroxide solution (1.22 M in THF, 11 
mmol). After 2 hours, the mixture was poured into copious methanol. The polymer 
was collected, dissolved in hot toluene and filtered through a glass frit layered with 
silica, alumina, and Celite!. The toluene was removed and the polymer was dried in 
vacuo to constant weight. For MM-3600, yield = 5.8 g, conversion = 92%, Mn(GPC) = 
3,700 g/mol, Mw/Mn = 1.90, Mn(
1H NMR) = 6,300 g/mol. For MM-5600, yield = 7.0 g, 
conversion = 60%, Mn(GPC) = 5,600 g/mol, Mw/Mn = 1.74, Mn(
1H NMR) = 13,000 
g/mol. 1H NMR (600 MHz, C2D2Cl4, 135 °C): ! 3.61 (q, 2H), 1.72-0.68 (m, 900H 
(MM-3600), 1850H (MM-5600)). 
exo-MM-3600 and exo-MM-5600. An oven-dried Schlenk adapted round bottom 
flask was cooled under vacuum and charged with 5-norbornene-2-carboxylic acid 
(0.35 mL, 2.5 mmol) and toluene (10 mL). Oxalyl chloride (0.22 mL, 2.5 mmol) was 
slowly syringed into the tube at room temperature. The mixture was warmed to 70 °C 
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for 2 hours. The solution was then cooled to room temperature and the solvent was 
removed in vacuo. Additional dry toluene (250 mL), hydroxyl-terminated syndiotactic 
polypropylene (0.5 mmol) and triethylamine (0.35 mL, 2.5 mmol) were added to the 
flask and the mixture was heated to 70 °C. After 12 hours, the solution was cooled to 
room temperature and the polymer was precipitated with copious methanol. The 
polymer was collected, dissolved in hot toluene and filtered through a glass frit 
layered with silica, alumina, and Celite!. The toluene was removed and the polymer 
was dried in vacuo to constant weight. For MM-3600, yield = 2.8 g, conversion = 
75%, Mn(GPC) = 3,600 g/mol, Mw/Mn = 1.87, Mn(
1H NMR) = 8,400 g/mol. For MM-
5600, yield = 3.4 g, conversion = 93%, Mn(GPC) = 5,600 g/mol, Mw/Mn = 1.75, Mn(
1H 
NMR) = 14,000 g/mol. 1H NMR (600 MHz, C2D2Cl4, 135 °C): ! 6.18 (m, 2H), 4.13 (t, 
2H), 3.10 (s, 1H), 2.95 (s, 1H), 2.27 (m, 1H), 1.98 (m, 2H), 1.72-0.80 (m, 1200H 
(MM-3600), 2000H (MM-5600)). 
 
4.4.2 Poly(macromonomer) Synthesis  
Polymerization of exo-MM-3600 and exo-MM-5600 with 4.3 and 4.5. A 20 mL 
scintillation vial was charged with norbornene-terminated polypropylene (0.042 
mmol). A prescribed amount of 4.3 or 4.5 in toluene (1.65 – 0.42 mM) was syringed 
into the vial. The mixture was diluted with toluene until the total volume was 0.5 mL 
and heated to 60 °C or 80 °C for a given amount of time. Ethyl vinyl ether and 
additional toluene were added to the vial and the mixture was reheated to quench the 
polymerization and dissolve the poly(macromonomer). After one hour, the polymer 
was precipitated with copious methanol, collected. The resultant poly(exo-MM-3600) 
was dissolved in hot THF, cooled to -30 °C for 24 hours, filtered, collected and dried 
in vacuo to constant weight. Poly(exo-MM-5600) was dissolved in hot toluene, filtered 
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hot, collected and dried in vacuo to constant weight. 1H NMR (600 MHz, C2D2Cl4, 
135 °C): ! 5.58-5.19 (m), 4.21-3.98 (m), 2.89-2.46 (m), 2.21-1.98 (m), 1.72-0.68 (m). 
Polymerization of exo-MM-3600 with 4.4. A 20 mL scintillation vial was charged 
with norbornene-terminated polypropylene (0.25 g, 0.042 mmol). A solution of 4.4 
(0.5 mL, 1.65 mM) in toluene was syringed into the vial. The mixture was diluted with 
toluene until the total volume was 5 mL and heated to 60 °C for two hours. Ethyl vinyl 
ether and additional toluene were added to the vial and the mixture was reheated to 
quench the polymerization and dissolve the poly(macromonomer). After one hour, the 
polymer was precipitated with copious methanol, collected and dried in vacuo to 
constant weight. 1H NMR (600 MHz, C2D2Cl4, 135 °C): ! 5.58-5.19 (m), 4.21-3.98 
(m), 2.89-2.46 (m), 2.21-1.98 (m), 1.72-0.68 (m). 
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Chapter 5 
Polymerization of Propylene and Ureidopyrimidinone-
Functionalized Olefins Using Ni(II) !-Diimine Catalysts 
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5.1 Introduction 
With worldwide production exceeding 100 million tons per year, polyolefins 
represent one of the most important classes of commercial polymers on the market 
today.
1
 The materials obtained from olefin polymerization are useful in a variety of 
applications from automotive to food packaging and beyond, due in part to their robust 
chemical and physical properties combined with low cost.
2
 However, the non-polar 
nature of polyolefin materials often results in poor adhesion properties and low 
compatibility with polar additives, which inhibits printability, dyeability and 
adhesion.
3,4
 Incorporation of even small amounts of polar functional groups into a 
polyolefin chain can significantly improve these properties.
5
 Polyolefins containing 
functional groups are currently produced commercially via radical polymerization 
methods, limiting the scope of materials produced.
6
 In recent years, transition-metal 
catalyzed coordination-insertion polymerization has been targeted as a synthetic 
method to afford new functionalized polyolefin materials.
6-11
  
 
 
 
 
 
 
 
Figure 5.1. !-Diimine Ni(II) olefin polymerization precatalysts. 
 
Although early metals are capable of catalyzing the copolymerization of 
olefins with polar comonomers,
12-15
 late metal catalysts are generally more tolerant to 
polar functional groups due to their low oxophilicity.
9,16-20
 In particular, nickel and 
NN
Ni
Br2
N N
Ni
Br2
N N
Ni
Br2
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palladium olefin polymerization catalysts bearing !-diimine ligands (Figure 5.1) have 
been utilized in the polymerization of olefins with a variety of comonomers including 
acrylates,
16,20-30
 silyl vinyl ethers
31
 and methyl vinyl ketones.
20,21
 Brookhart and 
coworkers reported the !-diimine class of catalysts in 1995 as the first late metal 
catalysts capable of converting !-olefins to high molecular weight polymers.
32
 
Subsequent reports showed the Ni(II) !-diimine catalysts polymerized !-olefins in a 
living fashion making the production of block copolymers possible.
33
 During 
propylene polymerization with 5.1/MAO, chain walking following a 2,1-insertion of 
propylene ultimately results in 3,1-enchainments as well as the commonly observed 
1,2-enchainment. As a result, the polypropylene produced by 5.1 at 0 °C is 
regioirregular and amorphous with only moderate syndiotacticity observed upon 
decreasing the reaction temperature to -78 °C.
34
 In an effort to improve regio- and 
stereochemistry, Coates and coworkers developed a series of !-diimine catalysts 
derived from chiral anilines.
35-38
 At low reaction temperatures, complex 5.2 forms 
highly isotactic, regioregular polypropylene while regioirregular, amorphous 
polypropylene is formed at high reaction temperatures (Scheme 5.1). The living nature 
of the polymerization allowed for the production of elastomeric block copolymers 
from a single monomer.
36
 Subsequent modifications to the aniline moiety resulted in a 
series of olefin polymerization catalysts (e.g. 3) that displayed higher polymerization 
activity than 5.2 while maintaining stereoregularity at low temperatures.
39
 Given the 
high functional group tolerance of late metal catalysts, we evaluated 5.2 and 5.3 as 
potential catalysts for the copolymerization of propylene and polar comonomers. 
 
 
 
Scheme 5.1. Propylene polymerization using 5.2 or 5.3/MAO. 
5.2 or 5.3/MAO
High Trxn
5.2 or 5.3/MAO
Low Trxn
3,1 1,21,2
 246 
Polar monomers bearing hydrogen bonding moieties represent a particularly 
intriguing class of functionalized olefins. Many polymers, both natural and synthetic, 
derive unique structure and function from the ability to form hydrogen bonded 
networks. This includes natural materials such as DNA and proteins, as well as 
synthetic materials such as polyamides, polyurethanes and nylon polymers.
40-45
 In 
1997, Meijer and coworkers described the first synthesis of high molecular weight 
polymers containing pendant ureidopyrimidinones (Scheme 5.2), which are capable of 
hydrogen bonding.
46
 The strong, highly directional interaction between 
ureidopyrimidinones is due to the complementary DDAA (donor-donor-acceptor-
acceptor) arrangement of the four hydrogen bonds and is evidenced by the 
dimerization constant (Kdim > 10
6
 M
-1
 in CHCl3). Since this seminal discovery, 
polymeric materials bearing hydrogen bonding groups have been produced using a 
variety of methods including radical,
47-55
 anionic,
56-62
 metathesis
63-65
 and coordination-
insertion polymerization.
66
 
 
 
 
 
 
 
Scheme 5.2. Hydrogen bonding in 2-ureido-4[1H]-pyrimidinones. 
 
Linear arrays, like those reported by Meijer and coworkers, produced through 
the dimerization of bifunctional hydrogen bonding monomers represent just one type 
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of supramolecular polymer.
40,46
 Covalent incorporation of monomers bearing 
hydrogen bonding moieties into polymer main-chains, such as polybutadiene,
56-62
 
polystyrene,
48,50,67
 and polybutylmethacrylate,
47-49,51,53,55
 represent another type of 
supramolecular material which forms reversibly cross-linked networks that can effect 
bulk polymer properties.
40
 For example, coordination-insertion polymerization of 1-
hexene and a ureidopyrimidinone-functionalized olefin with 5.1/Et2AlCl results in 
regioirregular poly(1-hexene) containing 2% of the hydrogen bonding moiety.
66
 The 
resultant copolymer displayed increased solution viscosity compared with the 
homopolymer and mechanical testing of the functionalized poly(1-hexene) showed 
that the bulk polymer exhibits elastomeric properties at room temperature due to the 
presence of non-covalent cross-links. 
Based on the improved mechanical properties obtained for poly(1-hexene) 
containing hydrogen bonding groups, we targeted propylene polymerization with 5.2 
and 5.3 in the presence of the ureidopyrimidinone-functionalized olefin (UPalkene). A 
range of reaction temperatures were explored with 5.2 and 5.3 to obtain both 
regioirregular and regioregular polypropylene bearing hydrogen bonding moieties. 
Herein the synthesis and properties of the ureidopyrimidinone-functionalized 
polypropylene is reported. 
 
5.2 Results and Discussion 
5.2.1 Homopolymerization of Propylene with 5.2 and 5.3 
A series of polypropylene homopolymers with varying regio-defects were 
produced using complexes 5.2 and 5.3/MMAO-3A (Table 5.1). In collaboration with 
Dr. Rufina Alamo and Carolina Ruiz of Florida State University as well as industrial 
scientists at Exxon Mobil Research, detailed structural analysis of the polymers was 
carried out. By varying the reaction temperature (-55 °C to -30 °C), the effect of 
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polymerization temperature on the resultant polymer microstructure was investigated 
using catalysts 5.2 (2.9 – 15.5%, Entries 1 - 8, Table 5.1) and 5.3 (3.1 – 15.0%, Entries 
9 - 15, Table 5.1). For both complexes, regio-defects increased with increasing 
polymerization temperature as evidenced by 
13
C{
1
H} NMR spectroscopy.  
Upon combining precatalysts 5.2 and 5.3 with MMAO-3A in the presence of 
propylene, an active olefin polymerization catalyst (LnNi
+
-Me, Scheme 5.3) is 
produced and subsequently polypropylene is formed. At low reaction temperature (-55 
°C), 1,2-insertion of propylene dominates the polymerization with the same propylene 
enantioface coordinating each time resulting in the formation of isotactic 
polypropylene upon insertion. However, even at low reaction temperature (-55 °C), 
some regio-defects are present in the polypropylene samples produced with 5.2 and 
5.3. These defects occur when propylene is inserted into the growing polymer chain in 
a 2,1 fashion. One of the most commonly observed defects in the polypropylene 
produced for this study was the isolated (3,1)-defect (Scheme 5.3a). Following a 2,1-
insertion of propylene into the growing polymer chain, !-hydrogen elimination and 
reinsertion of the olefin coordinated polymer produces a primary Ni-polymer bond. A 
1,2-propylene insertion following this event results in observed, isolated (3,1)-defect. 
Both 5.2 and 5.3 produce the isolated (3,1)-defect at all temperatures studied with an 
increasing amount of the defect observed with increasing reaction temperature. In 
general, the polypropylene produced by 5.3 contained fewer isolated (3,1)-defects than 
the polypropylene produced by 5.2. 
Defects occurring very near one another in the polypropylene chain can also be 
observed by 
13
C{
1
H} NMR spectroscopy in addition to the isolated regio-defects. 
When a 3,1-insertion is followed by a single 1,2-insertion as well as another 3,1-
insertion, the alternating (3,1)(1,2)(3,1)-defect (Scheme 5.3b) is obtained. Relative to 
the isolated (3,1)-defect fewer alternating (3,1)(1,2)(3,1)-defects are observed in the 
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polypropylene produced by 5.2 and 5.3 at all reaction temperatures. The 
polypropylene obtained from 5.2 typically contains more alternating (3,1)(1,2)(3,1)-
defects than the polymers produced with 5.3. If the first 3,1-insertion is instead 
followed by another 2,1-insertion and chain walking occurs, then the successive 
(3,1)(3,1)-defect (Scheme 5.3c) is observed. Both 5.2 and 5.3 produce very few 
successive (3,1)(3,1)-defects, even at high reactions temperatures (~1% at -30 °C). 
Interestingly, a 3,1-insertion of propylene followed by a 2,1-insertion resulting in the 
(2,1)(3,1)-defect does not occur as evidenced by 
13
C{
1
H} NMR spectroscopy.  
In addition to these defects, a number of other regioerrors are possible when a 
2,1-insertion occurs without chain walking taking place. If normal 1,2-insertion of 
propylene resumes following a 2,1-insertion, then the isolated (2,1)-defect (Scheme 
5.4f) is observed. Both 5.2 and 5.3 produce this defect during propylene 
polymerization, however, polymerization with 5.3 results in far fewer isolated (2,1)-
defects at low reaction temperatures than 5.2. Alternatively, following the 2,1-
insertion by another 2,1-insertion would result in a (2,1)(2,1)-defect; however, this 
error was not observed by 
13
C{
1
H} NMR spectroscopy. When subsequent 2,1-
insertions occur, chain walking always takes place in the case of the second insertion 
resulting in a (3,1)(2,1)-defect (Scheme 5.3d). The polypropylene produced with 5.3 
contains a significant amount of the (3,1)(2,1)-defect at all reaction temperatures 
studied, whereas 5.2 results in smaller amounts of this defect only at higher reaction 
temperatures. 
A series of polypropylene samples with varying regiochemistry have been 
produced from the Ni(II) !-diimine catalysts 5.2 and 5.3. Because of the ability of late 
metal catalyst to chain-walk, (3,1)-defects are present in the polypropylene in addition 
to (2,1)-defects and may be combined in a number of different ways to produce regio-
defects. Observed defects were low at low reaction temperature (-55 
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Scheme 5.3. Mechanism of defect formation in isotactic polypropylene using 5.1 – 5.3/MAO. 
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Table 5.1 Propylene Polymerization with 5.2 and 5.3/MMAO-3A.
a 
Entry Cplx Trxn 
(°C) 
trxn 
(hr) 
Mn 
(kg/mol)
b 
Mw/Mn
b 
total defects 
mol%
c 
stereo 
mol%
c 
(3,1) 
mol%
c 
(3,1)(1,2)(3,1) 
mol%
c 
(3,1)(3,1) 
mol%
c 
(2,1)(3,1) 
mol%
c 
(2,1) 
mol%
c 
1 5.2 -55 48 13 1.46 2.9 0.4 2.5 0.0 0.0 0.0 0.0 
2 5.2 -50 48 14 1.34 4.6 0.4 2.4 0.5 0.0 0.0 1.3 
3 5.2 -48 42 24 1.25 6.8 0.4 4.1 0.8 0.1 0.0 1.4 
4 5.2 -46 47 36 1.21 8.4 0.4 5.0 1.0 0.1 0.0 1.9 
5 5.2 -45 46 38 1.15 10.2 0.4 7.2 1.4 0.2 0.0 1.0 
6 5.2 -43 44 70 1.15 11.8 0.4 6.2 2.1 0.5 1.2 1.4 
7 5.2 -40 24 53 1.14 13.8 0.4 7.3 3.0 0.0 2.7 0.4 
8 5.2 -35 20 58 1.14 15.5 0.4 9.0 3.3 1.1 1.7 0.0 
9 5.3 -55 48 58 1.23 3.1 0.4 1.1 0.2 0.1 0.9 0.4 
10 5.3 -55 6 35 1.18 3.4 0.4 1.4 0.3 0.0 1.3 0.0 
11 5.3 -55 48 72 1.29 3.4 0.5 0.9 0.5 0.0 1.5 0.0 
12 5.3 -50 48 155 1.35 3.8 0.7 1.3 0.3 0.1 1.1 0.3 
13 5.3 -40 48 164 1.32 5.8 0.4 3.1 0.6 0.0 1.7 0.0 
14 5.3 -35 48 210 1.32 7.9 0.4 3.3 0.6 0.2 3.2 0.2 
15 5.3 -30 24 221 1.33 15.0 0.4 4.6 2.2 1.3 5.7 0.8 
a 
General Conditions:  Ni = 17 µmol, [Al]/[Ni] = 270, 25 mL toluene, 5 or 15 g propylene.
 b
 Molecular weight (Mn) and molecular 
weight distribution (Mw/Mn) were determined
 
by gel permeation chromatography at 140 °C in 1,2,4-trichlorobenzene relative to 
polyethylene standards. 
c 
Determined using 
13
C{
1
H} NMR spectroscopy in 1,1,2,2-tetrachloroethane-d2 at 135 °C. 
2
5
1
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°C) and increased with increasing reaction temperature. Using catalyst 5.2, 
polypropylene with a range of regio-defects was produced (2.9 – 15.5%, Entries 1 - 8, 
Table 5.1). At all temperatures studied, the isolated (3,1)-defect was the predominant 
error. The alternating (3,1)(1,2)(3,1) was also observed in significant amounts as 
reaction temperature increased. The low isolated (2,1)-defects coupled with significant 
isolated (3,1)-defects suggests 5.2 is likely to chain walk to the primary position when 
a 2,1-misinsertion occurs.  The polypropylene produced with 5.3 also displayed a wide 
range of regio-defects (3.1 – 15.0%, Entries 9 - 15, Table 5.1). The isolated (3,1)-
defect was again one of the dominant errors, however, nearly equal amounts of the 
(2,1)(3,1)-defect were observed. Therefore, 5.3 is much more likely that 5.2 to follow 
a (3,1)-defect with a 2,1-misinsertion. 
 
5.2.2 Copolymerization of UPalkene and Propylene using 5.2/Et2AlCl 
 Initial investigations into the copolymerization behavior of propylene and 
UPalkene were carried out with catalyst 5.2 (Scheme 5.4, Table 5.2). Although a number 
of successful cocatalysts (MMAO-3A, MMAO-7 and Et2AlCl) were identified at 0 °C, 
propylene polymerization with 5.2/Et2AlCl resulted in the highest molecular weight 
polymer and was therefore used as the activator for the remainder of the study. In 
addition to serving as an activator, Et2AlCl reacts with any acidic groups on the 
ureidopyrimidinone, acting as a protecting group. Previous reports found that the 
addition of a non-olefinic ureidopyrimidinone (UPcap) was necessary to prevent the 
formation of an insoluble network through reaction of the Al and UP functionalized 
polymer.
66
 The addition of UPcap was also found to be necessary for the 
polymerizations carried out in this study. Three copolymerizations of propylene and 
UPalkene were carried out with 5.2/Et2AlCl at 0 °C. The molecular weight of the 
resultant polypropylene (Mn = 15,000 – 59,000 g/mol) was observed to increase with 
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conversion (0.48 g – 1.99 g). Based on these results, it is believed that 5.2 maintains 
its living behavior even in the presence of the functionalized monomer. Molecular 
weight distributions (Mw/Mn = 1.38 – 1.86) are broader than what would normally be 
obtained from a living catalyst, which may be attributed to intermolecular hydrogen 
bonding between ureidopyrimidinones. For comparison, polymerization of propylene 
without UPalkene in the presence of 5.2/Et2AlCl was carried out, yielding a polymer 
with a narrow molecular weight distribution (Mw/Mn = 1.11) as well as an increased 
molecular weight (Mn = 53,000 g/mol, Entry 1, Table 5.2), however, yield was nearly 
identical to the functionalized polymer. Intermolecular hydrogen bonding in the UP 
containing materials results in polypropylene with a smaller hydrodynamic radius, and 
therefore a smaller observed molecular weight than non-UP containing polymers.  
 
 
 
 
 
Scheme 5.4. Copolymerization of propylene and UPalkene with 5.2 or 5.3/Et2AlCl. 
 
 
Over a range of temperatures (0 to -60 °C), molecular weight was observed to 
decrease with decreasing reaction temperature for both the UP (Mn = 8,900 – 59,000 
g/mol) and non-UP containing polymers (Mn = 17,000 – 53,000 g/mol). Yield was 
found to be nearly identical for polymerization with and without the polar monomer, 
suggesting that the presence of UPalkene does not significantly alter the polymerization. 
Comparison of the 
1
H NMR spectra of UPalkene and the resultant functionalized 
polypropylene (Figure 5.2, 5.4 and 5.5) shows the disappearance of the alkene 
UP
9
UP9
+
5.2 or 5.3/Et2AlCl
UPcap
UPalkene
or
Low Trxn
UP
9-x
High Trxn
x
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Table 5.2. Polymerization of propylene and UPalkene with 5.2/Et2AlCl.
 
Entry Trxn    
(°C) 
trxn   
(hr) 
Yield  
(g)
 
Mn   
(kg/mol)
c
 
Mn
theo
 
(kg/mol)
 
Mw/Mn
c
 UP     
(%)
d 
3,1    
(%)
d 
Tg   
(°C)
e 
Tm  
(°C)
e 
1
a 
0 1 0.48 15 28 1.79 0.91 44.5 -56 ND
g 
2
a 
0 2 0.93 33 55 1.38 0.69 43.4 -55 ND
g 
3
b 
0 2 0.89 53 52 1.11 -- 48.4 -60 ND
g 
4
a 
0 4 1.99 59 120 1.86 0.51 46.6 -56 ND
g 
5
a 
-20 6 0.56 16 33 1.56 1.16 26.8 -44 ND
g 
6
b 
-20 6 0.51 39 30 1.10 -- 30.5 -50 ND
g 
7
a 
-40 24 0.41 14 24 1.38 1.19 14.9 -28 ND
g 
8
b 
-40 24 0.35 29 21 1.15 -- 20.7 -36 ND
g 
9
a 
-60 48 0.20 8.9 12 1.67 1.28 13.0 -17 104 
10
b 
-60 48 0.20 17 12 1.38 -- 11.8 -26 112 
a 
General Conditions:  Ni = 17 µmol, [Al]/[Ni] = 530, UPcap = 1.2 mmol, UPalkene = 0.4 mmol, 25 mL toluene, 5 or 15 g 
propylene.
 b
 Ni = 17 µmol, [Al]/[Ni] = 530, 25 mL toluene, 5 or 15 g propylene. 
c
 Molecular weight (Mn) and molecular weight 
distribution (Mw/Mn) were determined
 
by gel permeation chromatography at 140 °C in 1,2,4-trichlorobenzene relative to 
polyethylene standards. 
d 
Determined using 
1
H NMR spectroscopy in 1,1,2,2-tetrachloroethane-d2 at 135 °C. 
e
 Melting temperature 
(Tm) and glass transition temperature (Tg) were determined by differential scanning calorimetry (second heating run). 
g
 none 
detected.
2
5
4
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Figure 5.2. 
1
H NMR spectra of polypropylene produced with 5.2/Et2AlCl (600 MHz, 
1,1,2,2-tetrachloroethane-d2, 135 °C). 
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Figure 5.3. 
13
C{
1
H} NMR spectra of polypropylene produced with 5.2/Et2AlCl (600 
MHz, 1,1,2,2-tetrachloroethane-d2, 135 °C). 
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Figure 5.4. 
1
H NMR spectrum of poly(propylene-co-UP) produced at 0 °C using 5.2 
(Entry 1, Table 5.2, 600 MHz, 1,1,2,2-tetrachloroethane-d2 (TCE), 135 °C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. 
1
H NMR spectra in 1,1,2,2-tetrachloroethane-d2 (TCE) of UPalkene and 
poly(UP-co-propylene) (Entry 1, Table 5.2) produced at 0 °C with 5.2. 
TCE 
TCE 
TCE 
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resonances (! 5.81 and 4.94 ppm) and the signal for the protons adjacent to the alkene 
(! 2.02) with only resonance attributed to the ureidopyrimidinone moiety (! 5.88, 3.34 
and 2.53 ppm) present in the functionalized polymer. Relative integration of the 
1
H 
NMR spectra showed 0.51 – 1.28 % incorporation of the functionalized monomer over 
a range of polymerization temperatures (0 to -60 °C). Further analysis of both the 
1
H 
and 
13
C{
1
H} NMR spectra (Figure 5.3) for the polypropylene produced using 
5.2/Et2AlCl shows an increase in both stereo- and regioregularity as reaction 
temperature decreased. For example, the polypropylene produced at 0 °C was 
regioirregular and displayed the highest percentage of 3,1-insertions (48.4%, Entry 3, 
Table 5.2) making this polymer more like an ethylene/propylene copolymer than 
polypropylene. Alternatively, polymerization at -60 °C resulted in regioregular, 
isotactic polypropylene that displayed the lowest amount of 3,1-insertions (11.8% 
Entry 10, Table 5.2). Analysis of polypropylene thermal properties revealed an 
increase in the glass transition temperature (Tg = -60 °C to -17 °C) with increasing 
stereoregularity as the reaction temperature was decreased. The UP containing 
polymers were generally found to exhibit higher glass transition temperatures than 
their non-UP containing counterparts. Melting temperatures (Tm = 104 and 112 °C) 
were only observed for the polymers produced at -60 °C. Unlike the glass transition 
temperature, the melting temperature was observed to decrease upon incorporation of 
ureidopyrimidinone. Utilizing 5.2/Et2AlCl, polypropylene ranging from regioirregular, 
amorphous to regioregular, isotactic was produced containing hydrogen bonding 
moieties. 
 
5.2.3 Copolymerization of UPalkene and Propylene using 5.3/Et2AlCl 
In an effort to increase both molecular weight and melting temperature of 
poly(propylene-co-UP), the copolymerization behavior of 5.3/Et2AlCl was also 
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investigated (Table 5.3). The cumyl-derived Ni(II) catalysts (e.g. 5.3) had previously 
been shown to be more active for the polymerization of propylene as well as more 
selective at low reaction temperatures than 2.
39
 Increased polypropylene molecular 
weight was observed for the UP containing polymers (Mn = 12 – 267 kg/mol) 
produced by 5.3/Et2AlCl compared with the analogous polypropylene samples 
obtained from 5.2/Et2AlCl (Mn = 8.9 – 33 kg/mol). Utilizing 5.3/Et2AlCl at 0 °C, an 
increase in yield was observed for UP containing polypropylene compared with the 
non-UP containing polymer suggesting that Et2AlCl has an adverse effect on the 
polymerization at this temperature. Significant difference between theoretical and 
actual molecular weights were also observed for the homopolymerization of propylene 
with 3/Et2AlCl at 0 °C. Fortunately, improved polymerization behavior was achieved 
at lower reaction temperatures (-60, -40 and -20 °C) with good agreement between 
polymer yields as well as similar theoretical and actual molecular weights obtained for 
the unfunctionalized polymers. Analysis of the copolymers bearing hydrogen bonding 
moieties by 
1
H NMR spectroscopy (Figure 5.6) revealed 0.18 – 0.69 % incorporation 
of the functionalized monomer. In general, the UP containing polymers produced with 
5.3/Et2AlCl resulted in higher molecular weights and lower overall functionalization 
than the polymers produced by 5.2/Et2AlCl. Analysis of the polypropylene homo- and 
copolymers produced with 5.3/Et2AlCl by 
1
H and 
13
C{
1
H} NMR spectroscopy (Figure 
5.7) showed that regioirregular polypropylene (3,1 = 38.1%, Entry 1, Table 5.3) was 
produced at 0 °C and regioregular, isotactic polypropylene was obtained at -60 °C (3,1 
= 10.8%, Entry 8, Table 5.3). The polymer series exhibited higher glass transition 
temperatures (Tg = -52 to -19 °C) as well as a lower melting temperature (Tm = 116 
°C) for the UP containing polymers compared with the non-functionalized 
polypropylene (Tg = -57 to -19 °C, Tm = 119 °C). Overall, polymerization of propylene 
and UPalkene with 5.3/Et2AlCl resulted in functionalized polypropylene with higher 
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molecular weights as well as similar stereo- and regiochemistry to the polymers 
produced by 5.2/Et2AlCl. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. 
1
H NMR spectra of polypropylene produced with 5.3/Et2AlCl (600 MHz, 
1,1,2,2-tetrachloroethane-d2, 135 °C). 
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Figure 5.7. 
13
C{
1
H} NMR spectra of polypropylene produced with 5.3/Et2AlCl (600 
MHz, 1,1,2,2-tetrachloroethane-d2, 135 °C). 
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Table 5.3. Polymerization of propylene and UPalkene with 5.3/Et2AlCl.
 
Entry Trxn 
(°C) 
trxn    
(hr) 
Yield 
(g) 
Mn  
(kg/mol)
c
 
Mn
theo
 
(kg/mol) 
Mw/Mn
c
 UP  
(%)
d 
3,1  
(%)
d 
Tg   
(°C)
e 
Tm  
(°C)
e 
1
a 0 2 0.76 63 45 7.19 0.69 38.1 -52 ND
g 
2
b 0 2 0.45 61 26 1.45 -- 38.5 -57 ND
g 
3
a -20 6 1.99 267 117 3.80 0.18 26.9 -38 ND
g 
4
b -20 6 2.31 139 136 1.27 -- 25.5 -39 ND
g 
5
a -40 24 2.13 77 125 3.28 0.31 17.8 -23 ND
g 
6
b -40 24 2.60 155 153 1.14 -- 19.1 -27 ND
g 
7
a -60 48 0.23 12 14 2.04 0.30 13.4 ND
g 116 
8
b -60 48 0.16 16 9.4 1.59 -- 10.8 -19 119 
a 
General Conditions:  Ni = 17 µmol, [Al]/[Ni] = 530, UPcap = 1.2 mmol, UPalkene = 0.4 mmol, 25 mL toluene, 5 or 15 g 
propylene.
 b
 Ni = 17 µmol, [Al]/[Ni] = 530, 25 mL toluene, 5 or 15 g propylene.
 c 
Molecular weight (Mn) and molecular weight 
distribution (Mw/Mn) were determined
 
by gel permeation chromatography at 140 °C in 1,2,4-trichlorobenzene relative to 
polyethylene standards. 
d 
Determined using 
1
H NMR spectroscopy in 1,1,2,2-tetrachloroethane-d2 at 135 °C. 
e
 Melting temperature 
(Tm) and glass transition temperature (Tg) were determined by differential scanning calorimetry (second heating run). 
g
 none 
detected.
2
6
2
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5.2.4 Mechanical Testing of Poly(Propylene-co-UP).  
The mechanical properties of the random copolymers were investigated by 
measuring the tensile stress and strain at break (Table 5.4, Figure 5.8, 5.9, 5.10 and 
5.11). Even with only ~1% incorporation of the UP moiety, differences in mechanical 
properties were observed. For several of the unfunctionalized, regioirregular polymers 
produced by 5.2 and 5.3, films were difficult to form due to low mechanical integrity 
and therefore tensile stress and strain were not measured. For the polypropylene 
produced by 5.2, incorporation of UP resulted in polymeric materials with measurable 
mechanical properties (stress = 5.7 – 11 MPa, strain = 12 – 1000%) produced at all 
temperatures. For the regioregular, isotactic polypropylene produced at -60 °C 
mechanical properties were measurable for both the UP (stress = 11 MPa, strain = 
12%, Entry 4, Table 5.3) and non-UP containing (stress = 6.4 MPa, strain = 25% Entry 
5, Table 5.3) polymers. Higher stress and lower strain was observed for the hydrogen 
bonding polymer compared with the non-hydrogen bonding polymer.  
Incorporation of the UP moiety into the polypropylene produced by 5.3 also 
resulted in polymeric materials with measurable mechanical properties (stress = 2.8 – 
13 MPa, strain = 11 – 1200%). At -40 and -60 °C, both functionalized and 
unfunctionalized polymers produced by 5.3 were characterized and comparison of the 
polymers produced at identical temperatures reveals the effect the hydrogen bonding 
moiety. At -40 °C, the UP containing polymer exhibited higher tensile stress at break 
(13 MPa, Entry 8, Table 5.4) when compared with the non-functionalized polymer 
(8.1 MPa, Entry 9, Table 5.4) produced under identical reaction conditions. Further 
comparison of the polymers revealed that the functionalized polymer exhibits a 
dramatic decreased tensile strain at break (26%) relative to the non-UP containing 
polymer (1200%). Similarly at -60 °C, the UP containing polymer displayed an 
increased stress at break (13 MPa, Entry 10, Table 5.4) as well as decreased strain at 
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break (7.9%) compared with the non-UP containing polypropylene (5.5 MPa, 11%, 
Entry 11, Table 5.3). Differences in the observed mechanical properties confirm the 
incorporation of the hydrogen bonding moiety. Increased stress and decreased strain 
were observed in the functionalized polypropylene samples, which is consistent with 
cross-linking between polymer chains. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. Tensile stress at break vs tensile strain at break of polypropylene produced 
with 5.2/Et2AlCl. 
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Figure 5.9. Tensile stress at break vs tensile strain at break of polypropylene produced 
with 5.3/Et2AlCl. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10. Tensile stress at break vs tensile strain at break of polypropylene 
produced with 5.3/Et2AlCl at -60 °C. 
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Table 5.4. Mechanical testing of polypropylene produced using 5.2 and 5.3.
 
Entry Complex Trxn            
(°C) 
Mn         
(kg/mol)
c
 
UP       
(%)
d 
Stress at Break        
(MPa)
e 
Strain at Break            
(%)
e 
1
a 
2 0 33 0.69 9.7 ± 5 830 ± 390  
2
a 
2 -20 16 1.16 7.3 ± 0.6 1000 ± 180 
3
a 
2 -40 14 1.19 5.7 ± 0.5 200 ± 33 
4
a 
2 -60 8.9 1.28 11 ± 3 12 ± 5 
5
b 
2 -60 17 -- 6.4 ± 2 25 ± 14 
6
a 
3 0 63 0.69 5.4 ± 2 400 ± 170   
7
a 
3 -20 267 0.18 2.8 ± 2 180 ± 84 
8
a 
3 -40 77 0.31 13 ± 2 26 ± 9 
9
b 
3 -40 155 -- 8.1 ± 2 1200 ± 160 
10
a 
3 -60 12 0.30 13 ± 4 7.9 ± 3 
11
b 
3 -60 16 -- 5.5 ± 3 11 ± 6 
a 
General Conditions:  Ni = 17 µmol, [Al]/[Ni] = 530, UPcap = 1.20 mmol, UPalkene = 0.4 mmol, 25 mL toluene, 5 or 15 g 
propylene.
 b
 Ni = 17 µmol, [Al]/[Ni] = 530, 25 mL toluene, 5 or 15 g propylene. 
c 
Molecular weight (Mn) was determined
 
by gel 
permeation chromatography at 140 °C in 1,2,4-trichlorobenzene relative to polyethylene standards. 
d 
Determined using 
1
H NMR 
spectroscopy in 1,1,2,2-tetrachloroethane-d2 at 135 °C. 
e
 Average of 5 trials using Instron mechanical testing machine.
2
6
6
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5.2.5 Synthesis and Mechanical Properties of Triblock Copolymers.  
Due to higher yields and molecular weights obtained for the copolymerization 
of UPalkene and propylene, 5.3/Et2AlCl was utilized in the production of functionalized 
block copolymers. Triblock copolymers bearing regioregular, isotactic polypropylene 
endblocks and a regioirregular, amorphous polypropylene midblock have already been 
shown to exhibit good mechanical properties and behave as thermoplastic 
elastomers.
36,39,68
 To obtain thermoplastic elastomers with enhanced mechanical 
properties, we targeted the formation of triblock copolymers bearing hydrogen 
bonding moieties. As discussed above, incorporation of even small amounts of 
ureidopyrimidinone into isotactic polypropylene results in a decrease in melting 
temperature. Therefore, addition of UPalkene into the amorphous midblock was 
investigated in an effort to maintain high crystallinity of the endblocks (Scheme 5.5, 
Table 5.5). Using 5.3/Et2AlCl, regioregular, isotactic polypropylene endblocks were 
synthesized at -60 °C and triblock copolymers bearing both UP and non-UP 
containing midblocks were produced under identical reaction conditions with 
midblock production initially occurring at 0 °C. Obtaining aliquots after production of 
the first block at -60 °C revealed Mn = 20 and 8 kg/mol for the UP and non-UP 
containing polymers (Entries 1 and 2, Table 5.5), respectively. Molecular weight was 
observed to increase with the formation of the second block for the functionalized (Mn 
= 32 kg/mol) and unfunctionalized (Mn = 56 kg/mol) polypropylene. Marginal 
increases in molecular weight were observed for the final blocks of both the UP (Mn = 
36 kg/mol) and non-UP containing polymers (Mn = 58 kg/mol) suggesting that little to 
no polymer growth is achieved after the second block resulting in polymeric materials 
which are better described as diblock copolymers. 
Observation of the functionalized block copolymer 
1
H NMR spectrum (Figure 
5.11, 
13
C{
1
H} NMR Figure 5.13) revealed 0.26% incorporation of the hydrogen 
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bonding group when midblock synthesis was preformed at 0 °C. Analysis of the 
thermal properties (Figure 5.15) showed melting temperatures for both the 
functionalized (Tm = 99 °C) and unfunctionalized (Tm = 108 °C) block copolymers. 
Glass transition temperature was observed to increase slightly for the UP (Tg = -48 °C) 
vs non-UP containing (Tg = -55 °C) block copolymers. Testing of the functionalized 
block copolymer mechanical properties (Figure 5.17) revealed a significant increase in 
tensile stress at break (17 MPa) and an increase in tensile strain at break (1100%) 
compared with the non-functionalized polypropylene (1 MPa, 90%). Despite the fact 
that the non-UP containing block copolymer did not display the expected mechanical 
properties, the UP containing polymer showed improved mechanical properties that 
can be attributed to the presence of the hydrogen bonding moieties. 
 
 
 
 
 
Scheme 5.5. Synthesis of triblock copolymers using 5.3/Et2AlCl. 
 
To obtain a true triblock copolymer with increased molecular weight, 
temperature of the midblock synthesis was decreased to -20 °C. Molecular weight was 
observed to increase with block formation for the functionalized (Mn = 7 to 50 to 76 
kg/mol, Entry 3, Table 5.5) as well as the unfunctionalized  (Mn = 10 to 162 to 190 
kg/mol, Entry 4, Table 5.5) polymer confirming successful formation of the triblock 
copolymer. The 
1
H NMR spectrum (Figure 5.12, 
13
C{
1
H} NMR Figure 5.14) of the 
UP containing triblock copolymer showed 0.13% incorporation of the 
ureidopyrimidinone. Melting temperatures (Figure 5.16) were observed for both the 
5.3/Et2AlCl
T1
UPalkene and UPcap
T2
1. T1
2. MeOH
UP
9-x
x
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functionalized (Tm = 108 °C) and unfunctionalized (Tm = 127 °C) polymers. Increased 
melting temperature for the unfunctionalized block copolymer compared with the 
unfunctionalized homopolymer produced at -60 °C is attributed to decreased amounts 
of Et2AlCl which appears to result in higher isotacticity endblocks. Mechanical 
properties (Figure 5.17) of both polymers were investigated with the functionalized 
block copolymer exhibiting improved stress at break (28 MPa) compared with the 
unfunctionalized polymer (18 MPa). The UP containing block copolymer exhibited a 
similar strain at break (2300%) to the non-UP containing triblock copolymer (2500%). 
Even though very small amounts of the hydrogen bonding ureidopyrimidinone were 
incorporated into the polypropylene triblock copolymer, differences in mechanical 
properties were observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11. 
1
H NMR spectrum of triblock copolymer produced at -60 to 0 to -60 ° 
with 5.3/Et2AlCl (600 MHz, 1,1,2,2-tetrachloroethane-d2, 135 °C). 
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Figure 5.12. 
1
H NMR spectrum of triblock copolymer produced at -60 to -20 to -60 ° 
with 5.3/Et2AlCl (600 MHz, 1,1,2,2-tetrachloroethane-d2, 135 °C). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13. 
13
C{
1
H} NMR spectrum of triblock copolymer produced at -60 to 0 to -
60 °C with 5.3/Et2AlCl (600 MHz, 1,1,2,2-tetrachloroethane-d2, 135 °C). 
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Figure 5.14. 
13
C{
1
H} NMR spectrum of triblock copolymer produced at -60 to -20 to 
-60 °C with 5.3/Et2AlCl (600 MHz, 1,1,2,2-tetrachloroethane-d2, 135 °C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15. Differential scanning calorimetry (10 °C/min, second heat) thermogram 
of triblock copolymer produced at -60 to 0 to -60 °C (Entry 2, Table 5.5). 
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Figure 5.16. Differential scanning calorimetry (10 °C/min, second heat) thermograph 
of triblock copolymer produced at -60 to -20 to -60 °C (Entry 3, Table 5.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17. Tensile stress at break vs tensile strain at break of triblock copolymers 
produced with 5.3/Et2AlCl. 
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Table 5.5. Block copolymer synthesis using 5.3/Et2AlCl.
 
Entry T1 
(°C) 
T2 
(°C) 
Blocks 
(kg/mol)
c 
Mn 
(kg/mol)
c
 
Mw/Mn
c
 UP 
(%)
d 
Tg 
(°C)
e 
Tm 
(°C)
e 
Stress at Break 
(MPa)
f 
Strain at Break     
(%)
f 
1
a -60 0 20 - 12 - 4 36 1.51 0.26 -48 99 17 ± 5 1100 ± 100 
2
b -60 0 8 - 48 - 2 58 1.42 -- -55 108 1 ± 0.1 90 ± 20 
3
a -60 -20 7 - 43 - 26 76 2.00 0.13 -29 108 28 ± 7 2300 ± 500  
4
b -60 -20 10 - 152 - 28  190 1.18 -- -29 127 18 ± 4  2500 ± 300 
a General Conditions:  Ni = 20 µmol, [Al]/[Ni] = 270, UPcap = 1.2 mmol, UPalkene = 0.4 mmol, 30 mL toluene, 15 g propylene.
 b Ni 
= 20 µmol, [Al]/[Ni] = 270, 30 mL toluene, 15 g propylene. c Molecular weight (Mn) and molecular weight distribution (Mw/Mn) 
were determined by gel permeation chromatography at 140 °C in 1,2,4-trichlorobenzene relative to polyethylene standards. d 
Determined using 1H NMR spectroscopy in 1,1,2,2-tetrachloroethane-d2 at 135 °C. 
e Melting temperature (Tm) and glass transition 
temperature (Tg) were determined by differential scanning calorimetry (second heating run). 
f Average of 5 trials using Instron 
mechanical testing machine. 
2
7
3
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5.3 Conclusions 
Utilizing an ureidopyrimidinone functionalized alkene, propylene copolymers 
were produced over a range of reaction temperatures with two !-diimine Ni(II) 
catalysts. Polypropylene copolymers ranging from regioirregular, amorphous to 
regioregular, isotactic were obtained. Small amounts of the hydrogen bonding 
monomer incorporated into the polypropylene chain resulted in changes to the 
observed polymer properties. Analysis of the random copolymers mechanical behavior 
revealed increased tensile stress at break and decreased tensile strain at break upon 
functionalization with the hydrogen bonding moiety. Triblock copolymers bearing 
ureidopyrimidinone groups into the amorphous, midblock were produced and 
displayed increased tensile stress at break compared with the unfunctionalized block 
copolymers. UP containing block copolymers bearing amorphous midblocks produced 
at 0 and -20 °C showed mechanical properties that improved upon incorporation of the 
hydrogen bonding group. 
 
5.4 Experimental Section 
General. All manipulations of air- and/or water-sensitive compounds were carried out 
under dry nitrogen using Braun UniLab drybox or standard Schlenk techniques. 
Toluene was purified over columns of alumina and copper (Q5). Methylene chloride 
was purified over an alumina column and degassed by three freeze-pump-thaw cycles 
before use. Propylene (Airgas, research purity) was purified over columns (40 cm 
inner diameter x 120 cm long) of BASF catalyst R3-12, BASF catalyst R3-11, and 4Å 
molecular sieves. Et2AlCl (1.8 M, toluene) was purchased from Aldrich and used as 
received. Complexes 5.2 and 5.3 were prepared according to previously published 
procedures.36,39 UPcap and UPalkene were also synthesized using previously reported 
methods.66 
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Polymer Characterization. 
1
H and 
13
C{
1
H} NMR spectra of polymers were recorded 
using a Varian UnityInova (600 MHz) spectrometer equipped with a 
1
H/BB 
switchable with Z-pulse field gradient probe operating and referenced versus residual 
non-deuterated solvent shifts. The polymer samples were dissolved in 1,1,2,2-
tetrachloroethane-d2 in a 5 mm O.D. tube, and spectra were collected at 135 °C. From 
the 
1
H NMR spectra, %3,1 insertion was determined using relative integration of 
[CH3]:[CH2] and the equation: %3,1 = (1-R)/(1 + 2R) x 100, where R = [CH3]/[CH2].  
The %UP incorporation was calculated using relative integration of [UP]:[alkyl] in the 
1
H NMR spectra. Molecular weights (Mn and Mw) and polydispersities (Mw/Mn) were 
determined by high temperature gel permeation chromatography (GPC). Analyses 
were performed with a Waters Alliance GPCV 2000 GPC equipped with a Waters 
DRI detector and viscometer. The column set (four Waters HT 6E and one Waters HT 
2) was eluted with 1,2,4-trichlorobenzene containing 0.01 wt % di-tert-butyl-
hydroxytoluene (BHT) at 1.0 mL/min at 140 °C. Data were calibrated using 
monomodal polyethylene standards (from Polymer Standards Service). Differential 
scanning calorimetric analyses were performed in aluminum pans under nitrogen 
using a TA Instruments Q1000 calorimeter equipped with an automated sampler. Data 
were collected from the second heating run at a heating rate of 10 °C/min from -80 to 
150 °C and were processed with the TA Q series software package.  
Propylene Polymerization, General Procedure (Tables 5.1, Entries 1 - 9, 12 - 15). 
In a glove box, a 6 oz (180 mL) round-bottom Laboratory Crest reaction vessel 
(Andrews Glass) was charged with toluene (25 mL) and a solution of MMAO-3A (2.5 
mL, 1.8 M in isoparE). An appropriate mass of propylene (15 g at -55 to -50 °C, 5 g at 
-48 to -30 °C) was condensed into the vessel at -78 °C. Following equilibration at the 
desired temperature for 10 minutes, the Ni(II) complex (17 µmol) was injected as a 
solution in 2 mL dry, degassed CH2Cl2. After an appropriate amount of time, the 
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polymerization was quenched with MeOH, the reaction mixture was precipitated in 
copious acidic MeOH (5% HCl (aq)) and stirred overnight. The polymer was 
dissolved in hot toluene, filtered over Celite®, silica and alumina. The polymer was 
reprecipitated with MeOH, filtered, rinsed and dried in vacuo to constant weight. 
Propylene Polymerization, General Procedure (Tables 5.1, Entries 10 - 11). In a 
glove box, a 6 oz (180 mL) round-bottom Laboratory Crest reaction vessel (Andrews 
Glass) was charged with toluene (25 mL) and a solution of MMAO-3A (2.5 mL, 1.8 
M in isoparE). An appropriate mass of propylene (15 g at -55 to -50 °C, 5 g at -48 to -
30 °C) was condensed into the vessel at -78 °C. Following equilibration at the desired 
temperature for 10 minutes, complex 5.3 (17 µmol) was injected as a solution in 2 mL 
dry, degassed CH2Cl2. After 6 hours, an aliquot was taken from the reaction mixture 
using an overpressure of 30 psig propylene. The polymerization was quenched with 
MeOH after 48 hours, the reaction mixture was precipitated in copious acidic MeOH 
(5% HCl (aq)) and stirred overnight. The resultant polymers were dissolved in hot 
toluene, filtered over Celite®, silica and alumina. The polymer was reprecipitated with 
MeOH, filtered, rinsed and dried in vacuo to constant weight. 
Propylene Polymerization, General Procedure (Tables 5.2 – 5.3). In a glove box, a 
6 oz (180 mL) round-bottom Laboratory Crest reaction vessel (Andrews Glass) was 
charged with toluene (25 mL) and a solution of Et2AlCl (5.0 mL, 1.8 M in toluene) 
along with UPalkene (0.15 g, 0.40 mmol) and UPcap (0.30 g, 1.20 mmol) if necessary. 
An appropriate mass of propylene (15 g at -60 °C, 5 g at -40, -20 and 0 °C) was 
condensed into the vessel at -78 °C. Following equilibration at the desired temperature 
for 10 minutes, the Ni(II) complex (17 µmol) was injected as a solution in 2 mL dry, 
degassed CH2Cl2. After an appropriate amount of time, the polymerization was 
quenched with MeOH, the reaction mixture was precipitated in copious acidic MeOH 
(5% HCl (aq)) and stirred overnight. The polymer was isolated and redissolved in 
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toluene (300 mL). To remove any residual UPcap, acidic MeOH (50 mL, 5% HCl (aq)) 
was added and the solution was heated to 60 °C overnight. The polymer was 
precipitated with MeOH, filtered, rinsed and dried in vacuo to constant weight. 
Block Copolymer Synthesis, General Procedure (Table 5.5). In a glove box, a 6 oz 
(180 mL) round-bottom Laboratory Crest reaction vessel (Andrews Glass) was 
charged with toluene (30 mL) and a solution of Et2AlCl (3.0 mL, 1.8 M in toluene). 
Propylene (15 g) was condensed into the vessel at -78 °C. Following equilibration at -
60 °C for 10 minutes, the 5.3 (0.018 g, 20 µmol) was injected as a solution in 2 mL 
dry, degassed CH2Cl2. After 24 hours, an aliquot was taken from the reaction mixture 
using an overpressure of 30 psig propylene. If necessary, a solution of UPalkene (0.15 g, 
0.40 mmol) and UPcap (0.30 g, 1.20 mmol) in 5 mL dry, degassed CH2Cl2 was 
syringed into the vessel. The reactor was then transferred to a 0 or -20 °C bath and 
allowed to react for 3 or 6 hours, respectively. A second aliquot was taken via cannula 
with an overpressure of 30 psig propylene. The vessel was then transferred back to the 
-60 °C bath and allowed to react for an additional 48 hours. The polymerization was 
quenched with MeOH, the reaction mixture was precipitated in copious acidic MeOH 
(5% HCl (aq)) and stirred overnight. The polymer was isolated and redissolved in 
toluene (500 mL). To remove any residual UPcap, acidic MeOH (75 mL, 5%HCl (aq)) 
was added and the solution was heated to 60 °C overnight. The polymer was 
precipitated with MeOH, filtered, rinsed and dried in vacuo to constant weight. 
Mechanical Testing. Polypropylene and poly(propylene-co-UP) samples were 
pressed into uniform films using a Carver press heated to 80 °C. Triblock copolymers 
were dissolved in toluene, transferred to an aluminum pan and films were obtained 
following evaporation of the solvent. The resultant films were cut into strips with a 
thickness of 0.05 – 0.25 mm and a width of 2.0 – 8.0 mm. Samples were stretched to 
fracture at room temperature using an Instron testing machine. 
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